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Marcelis, L.F.M., 1994. Fruit growth and dry matter partitioning in cucumber. Dissertation 
Wageningen Agricultural University, Wageningen, The Netherlands. 173pp; English and Dutch 
summaries. 
In this thesis, dry matter partitioning into different plant parts of generative cucumber plants was 
quantitatively studied as a dynamic process in terms of an internal competition among organs for 
assimilates in relation to external factors, such as the greenhouse climate and cultural practices. 
As the fruits represent the major sink organs and as they are of economic interest, special 
attention was paid to the growth and development of the individual fruits. 
During a growing season the fraction of dry matter partitioned into the fruits changed 
cyclically between 40 and 90%. Dry matter partitioning appeared to be primarily regulated by the 
sinks (fruits). Source strength influenced the number of fruits on a plant and, therefore, indirectly 
influenced the dry matter partitioning, although after a lag phase. No feed-back effect of the 
number of fruits per plant on source strength (leaf photosynthesis) was observed, unless all fruits 
were removed for a prolonged period. 
The growth rate of an individual fruit, but not its development, was strongly dependent of the 
assimilate supply. Fruit development appeared to be closely related to the temperature sum. The 
growth rate increased with increasing temperature, but the effect on final fruit weight depended 
on the level of assimilate supply. Irradiance affected growth of individual fruits via effects on 
assimilate supply, but had no photomorphogenetic effect. During fruit ontogeny, cells expanded 
continuously, but cell division was restricted to the first part of the growing period. Although 
usually the size of the cucumber fruit positively correlated with the number of cells, cell number 
was not an important determinant of fruit size. 
Fruit photosynthesis contributed only to a small extent (1-5%) to the cumulative carbon 
requirement of a fruit. Thirteen to 15% of the cumulative carbon requirement of a fruit was 
respired. The respiratory losses as a fraction of the carbon requirement of a fruit changed during 
fruit ontogeny, but were independent of temperature and were similar for slow and fast growing 
fruits. 
A dynamic model was developed for the simulation of the daily dry matter partitioning. In the 
model dry matter partitioning was simulated as a function of sink strengths of the plant organs, 
where sink strength of an organ was described by its potential growth rate. Model results agreed 
well with the measured data. 
Key words: assimilate supply, cell division, cell expansion, cucumber, Cucumis sativus, 
development, dry matter distribution, fruit growth, fruit photosynthesis, fruit respiration, 
functional equilibrium, irradiance, leaf photosynthesis, light, partitioning, root-shoot ratio, sink-
source, simulation model, temperature, vegetative-generative growth. 
Man wants to know, 
and when he ceases to do so, 
he is no longer man. 
(Fridtjof Nansen) 
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1. General introduction 
Cucumber is one of the main glasshouse crops 
in the Netherlands. In 1993 the production 
value was 480 million Dutch guilders (Ano-
nymous 1994). About 85% of the cucumbers 
are exported, mainly to Germany (Anonymous 
1993a). 
In the Netherlands usually varieties with 
parthenocarpic fruits are grown on artificial 
substrate in glasshouses. Fruits are harvested 
from January until November for fresh market 
consumption. These fruits are produced by 
one crop or by two or three subsequent crops 
per year. Initially all side shoots are removed 
from the plant; the resulting main stem is 
usually topped at a height of about 2 m 
(depending on the height of the glasshouse). 
After topping the main stem, the two or three 
uppermost side shoots are retained. Branching 
of the side shoots is not restricted manually. 
Fruits are formed in the axils of the leaves 
(except for the few lowermost axils). Growers 
remove part of the fruits on the main stem. 
In modern glasshouses a yield of up to 
about 65 kg cucumbers per square meter is 
obtained (Anonymous 1993b). The yield per 
square meter of greenhouse vegetables, in-
cluding cucumber, has increased between 
1980 and 1992 by more than 80% (Van der 
Velden & Van der Sluis 1993). This increase 
is the result of improved cultivation tech-
niques, such as the introduction of artificial 
substrate, greenhouses with higher light 
transmissivity, climate control by computers, 
varieties with a higher productivity and ex-
tension of the growing season. A better un-
derstanding of the crop production system is 
essential for further improvement of not only 
crop production but also product quality, with 
a minimal energy input and no or a minimal 
pollution of the environment. 
Crop production is the result of a complex 
system of interacting processes with both 
short term and long term responses (Fig. 1). 
Photosynthesis is often considered as the 
driving force for crop production. The assimi-
lates, produced by photosynthesis, can be 
stored or partitioned among the different plant 
organs. Plant growth and development is not 
only a function of the production and parti-
tioning of assimilates or dry matter (left side 
of Fig. 1), but also of the plant water relations 
(right side of Fig. 1). Water and carbon (dry 
matter) relations interact with each other, for 
example via leaf temperature, stomatal con-
ductance, relative water content of the plant 
(ratio of actual to maximum water content) 
and leaf area. A simulation model is a useful 
tool to investigate and/or to describe a com-
plex system such as a crop production system. 
Detailed models of photosynthesis and dry 
matter production of greenhouse crops are 
available (e.g. Gijzen 1992; Bertin & Heuve-
link 1993). The partitioning of the dry matter 
among the different plant organs is one of the 
weak features of crop growth models, because 
of a lack of quantitative data and lack of 
knowledge of the physiological mechanisms 
(France & Thornley 1984; Challa 1985; De 
Wit & Penning De Vries 1985; Evans 1990). 
Water relations of greenhouse crops have 
been analysed and modelled by several authors 
(e.g. Stanghellini 1987; Marcelis 1989; Bak-
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FIG. 1. A simplified relational diagram of crop production for an indeterminately growing crop, such as 
cucumber. 
ker 1991; Van de Sanden & Veen 1992; Gij-
zen 1994). However, despite the many studies 
on dry matter production and the many stud-
ies on water relations, and the correlation be-
tween fresh and dry matter production, there 
is still little information on the variation in 
dry-matter percentage of organs such as 
fruits. 
Dry matter partitioning as a determi-
nant of crop production 
The yield of a crop is largely determined by 
the accumulation of biomass (fresh matter) of 
the harvestable organs. An increase in the 
biomass partitioned into these organs propor-
tionately enhances the yield provided that the 
total plant growth rate is not altered. In fruit 
vegetables such as cucumber not only the 
biomass partitioned into all fruits together is 
important but also the partitioning among in-
dividual fruits because this affects theu num-
ber and quality parameters such as fruit 
weight. 
Dry matter partitioning into different parts 
of a plant is clearly of great importance in 
crop production. Improvement of crop yield 
by plant breeding has resulted from improved 
dry matter partitioning rather than improved 
dry matter production (Gifford et al. 1984; 
Daie 1985). 
For rapid growth of small (young) plants 
an increase in leaf area is important, because a 
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large fraction of the light is not intercepted. 
Therefore, in these plants a great part of the 
assimilates should be invested in leaf area 
formation. In plants which grow determi-
nately, after an initial period the harvestable 
organs are initiated and subsequently, the dis-
tribution to these organs increases until the 
organs are harvested all in a single harvest 
(e.g. radish, chrysanthemum, wheat, sugar 
beet). In these determinately growing plants, 
except for the initial period, cultural practices, 
cultivar selection and climate control should 
aim at a maximum proportion of assimilates 
diverted to the harvestable organs. Crops of 
fruit vegetables such as cucumber, tomato, 
sweet pepper and eggplant are characterized 
by indeterminate growth. After a short initial 
phase of only vegetative growth, fruits are in-
itiated and harvested continuously over an ex-
tended period, while growth of other plant 
parts also continues. The fruits compete with 
each other and with the vegetative plant parts 
for the assimilates available. When too low a 
fraction of the assimilates is invested into new 
fruits (which are the major sink organs), the 
sink:source ratio will decrease after harvest of 
the old fruits, which may lead to a reduction 
in leaf photosynthesis (Neales & Incoll 1968; 
Geiger 1976; Guinn & Mauney 1980; Gifford 
& Evans 1981). A grower desires a maximal 
proportion of assimilates to be distributed to 
the harvestable organs (fruits). However, 
there are limits to the fraction of assimilates 
that can be diverted to the harvestable organs. 
A plant should invest sufficient assimilates in 
other plant parts to realize and maintain a high 
production capacity. The balance between as-
similates for different plant parts is clearly of 
great importance for optimal crop production 
and product quality. However, this balance is 
often not optimal in generative glasshouse 
crops, such as cucumber, tomato and sweet 
pepper, resulting in (periods of) too low a 
fraction of dry matter partitioned into the har-
vestable organs, too low a production capac-
ity or too low a fruit quality (e.g. too small 
fruits). The undesirable large variation in dry 
matter partitioning that occurs during one 
growing season may result in fluctuations of 
labour requirement and product price and, as 
suggested by Liebig (1978), in a reduced fruit 
production. Consequently, the balance be-
tween the assimilates for different plant parts 
is often subject of growers dispute. 
Regulation of dry matter partitioning 
Quantitative data on dry matter partitioning 
during the generative stage of crops, such as 
cucumber, are scarce and the mechanism by 
which the assimilates are distributed is still 
only poorly understood. Several theories have 
been put forward to explain the mechanism by 
which dry matter is distributed among plant 
organs, but no unequivocal theory is available 
at present (Gifford & Evans 1981; Wols-
winkel 1985; Farrar 1988, 1992; Patrick 1988; 
Wardlaw 1990). 
The dry matter partitioning among plant 
organs is often described as only a function of 
the developmental stage of the crop (e.g. 
Penning de Vries & Van Laar 1982). 
However, this description is entirely empirical 
and usually only valid under a limited range of 
growing conditions (Fick et al. 1975; Loomis 
et al. 1979; Wilson 1988). Moreover, it is not 
valid for indeterminately growing crops such 
as cucumber, sweet pepper and tomato, where 
the dry matter partitioning between vegetative 
and generative growth may change dynami-
cally irrespective of the age of the crop (Kato 
& Tanaka 1971; Hall 1977; Liebig 1978; De 
Koning 1989). 
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The dry matter partitioning between root 
and shoot can often be described by a func-
tional equilibrium between root activity (water 
or nutrient uptake) and shoot activity 
(photosynthesis); i.e. the ratio of root to shoot 
mass is proportional to the ratio of shoot to 
root specific activity (Brouwer 1963). 
Although in this way the ratio between shoot 
and root dry weight can often be estimated 
fairly well in vegetative plants, the mechanism 
underlying this equilibrium is quite compli-
cated and not well understood (Brouwer 
1983; Lambers 1983). This equilibrium can 
only be applied to shoot:root ratios and not 
easily to ratios between other plant organs. 
Moreover, it is not clear whether or not in 
generative plants the total shoot or only the 
vegetative part of the shoot is involved in the 
functional equilibrium between shoot and root 
(Hurd et al. 1979; Nielsen & Veierskov 
1988). 
Dry matter partitioning is the end result of 
a co-ordinated set of transport and metabolic 
processes governing the flow of assimilates 
along an array of source-path-sink systems. 
The activities of these processes are not static, 
but may change both diurnally and during 
plant development (Patrick 1988). Assimilates 
are produced by photosynthesis in the source 
organs (mainly leaves). The assimilates can be 
stored or transported from the source to the 
different sink organs via vascular connections 
(phloem). In cucurbits stachyose is the pre-
dominant transport sugar (Webb & Gorham 
1964; Milthorpe & Moorby 1969; Hendrix 
1982), rather than sucrose as in most species 
(Daie 1985). When translocated to the cu-
cumber fruit, stachyose is metabolized in the 
peduncle to sucrose which apparently enters 
the fruit and is further metabolized to glucose 
and fructose (Pharr et al. 1977; Gross & 
Pharr 1982). Amino and organic acids may 
also be important in the translocation of car-
bon in cucumber phloem (Richardson et al. 
1982; 1984). The translocation rate of assimi-
lates in the phloem is often considered to be 
driven by gradients in concentration of solutes 
or of water or turgor potential between the 
source and the sink ends of the phloem (Ho 
1979; Wolswinkel 1985; Lang & Thorpe 
1986; Patrick 1988; Lang & During 1991). 
Utilization and compartmentation of the as-
similates in the sink are important to maintain 
these gradients. 
Although the transport path can affect dry 
matter partitioning, these effects diminish 
readily when sink demand increases (Wareing 
& Patrick 1975; Wardlaw 1990). The trans-
port path seems only to be of minor impor-
tance in regulating the translocation of assimi-
lates (Webb & Gorham 1964; Evans 1975; 
Murakami et al. 1982). Several authors have 
found indications that dry matter partitioning 
among sink organs is primarily regulated by 
the sink strengths of the sinks (Evans 1975; 
Gifford & Evans 1981; Farrar 1988; Ho 1988; 
Verkleij & Challa 1988). Wareing & Patrick 
(1975) and Wolswinkel (1985) defined the 
term sink strength as the competitive ability of 
a sink to attract assimilates. They suggested 
the potential capacity of a sink to accumulate 
assimilates as a measure of sink strength. This 
potential capacity reflects the intrinsic ability 
of the sink to receive or attract assimilates, 
which has also been stressed by Ho (1988) as 
a critical determinant of organ growth. More 
precisely, the sink strength can be measured as 
the potential capacity to import assimilates 
into the phloem of the sink region and to 
transport the imported substances from the 
phloem into the cells of the sink organ 
(Wolswinkel 1985). The potential capacity for 
assimilate accumulation, or potential demand 
for assimilates, of a sink can be quantified by 
General introduction 
the potential growth rate of a sink, i.e. the 
growth rate under conditions of non-limiting 
assimilate supply. In this view the dry matter 
partitioning into an organ is determined by its 
sink strength relative to the total sink strength 
of all plant organs together. 
Dry matter partitioning can change during 
crop development because the sink strengths 
of the individual sink organs and their number 
may change. The growth potential of a sink 
organ might already be determined during the 
period of cell division in the early develop-
ment of that organ (Ho 1984; Patrick 1988). 
Climatic factors may influence the dry matter 
partitioning in the short term as a result of a 
difference in response of the sink strengths of 
the individual sink organs to external condi-
tions and in the long term also via effects on 
the number of sink organs on a plant. In fruit 
vegetables, the fruits are the major sink organs 
(Marcelis & De Koning 1994); the number of 
these sink organs on a plant depends to a 
great extent on their rates of formation, abor-
tion, growth, development and harvest. 
Hormonal control might also be involved in 
regulating dry matter partitioning. For in-
stance, hormones may affect the sink strength 
of an organ (Kuiper 1993). However, the in-
volvement of hormones in fruit enlargement is 
not clear (Ho 1984) and knowledge is still in-
sufficient to generalize and quantify the hor-
monal control of dry matter partitioning 
(Gifford & Evans 1981; Daie 1985). 
A better understanding of fruit growth and 
dry matter partitioning is necessary to opti-
mize the balance between assimilates for the 
harvestable organs and the rest of the plant of 
crops such as cucumber. This may lead to bet-
ter climate control and cultural practices. It 
can help a grower to predict and to control 
the number and weight of harvestable fruits 
and labour requirements. In addition, quanti-
tative data on dry matter distribution are nec-
essary to simulate crop production accurately. 
A reliable simulation model may not only be 
used as a research tool but also for optimiza-
tion of crop management and control of the 
greenhouse climate in commercial crop pro-
duction. 
Aim of the thesis 
The aim of this study is to obtain a better un-
derstanding of dry matter partitioning among 
the different plant parts in cucumber plants 
during the generative stage. This study at-
tempts to explain dry matter partitioning 
quantitatively as (the result of) a dynamic 
process in terms of an internal competition 
among organs for assimilates in relation to ex-
ternal factors, such as the greenhouse climate 
and cultural practices. 
The variation in dry matter partitioning and 
the main internal and external factors affecting 
dry matter partitioning were studied. 
Partitioning was studied at the whole plant 
level, because regulation that may occur in 
one region of the plant is not isolated from the 
other parts of the plant (Daie 1985) and be-
cause it is more likely that a series of events 
rather than a single limiting event controls 
partitioning (Wardlaw 1990). It was studied 
whether the dry matter partitioning is primar-
ily regulated by the sinks and whether the sink 
strength is quantitatively reflected by the po-
tential growth rate. Special attention was paid 
to growth, development and potential growth 
rate of individual fruits, because the fruits 
represent the major sinks and because they 
are of economic interest. 
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Outline of the thesis 
Figure 2 shows the various steps to address 
the objectives of this study. In Chapter 2 the 
dry matter partitioning between roots, stems, 
petioles, leaves and individual fruits was 
quantified under greenhouse conditions. First 
the dynamics of dry matter partitioning during 
a growing season were investigated. Sub-
sequently it was studied to what extent dry 
matter partitioning is regulated by the sinks 
and to what extent by the source. 
As the number of sinks (fruits) on a plant 
may fluctuate, in Chapter 3 it was studied 
whether or not leaf photosynthesis responds 
to sink demand. In addition, this information 
is needed for a proper interpretation of the 
experiments where the number of fruits on a 
plant was manipulated (Chapters 2, 4). 
Chapter 4 focuses on the growth and de-
velopment of individual fruits. The potential 
growth rate of the cucumber fruit was meas-
ured and its relationship with the competitive 
ability of a fruit to attract assimilates was in-
vestigated. The CO2 exchange rate of cucum-
ber fruits was also measured to estimate the 
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carbon balance of a fruit. In the General discussion (Chapter 6) the 
In Chapter 5 the results of the previous main factors regulating dry matter partitioning 
chapters are integrated in a dynamic simula- are considered. Relationships between dry 
tion model describing the simulation of the matter partitioning, dry matter production, 
daily dry matter partitioning between the fresh matter production and fruit quality are 
generative and vegetative plant parts and the discussed. Finally, practical consequences of 
partitioning among individual fruits. the results obtained are evaluated. 
2. Growth and dry matter partitioning 
2.1.1. Dry matter partitioning into the fruits: 
The dynamic behaviour 
Marcelis, L.F.M., 1992. The dynamics of growth and dry matter distribution in cucumber. 
Annals of Botany 69: 487-492. 
Abstract. The dynamics of growth and proportional dry matter distribution between the vegeta-
tive parts and fruits of cucumber were studied daily during a growing season. Most of the 
changes in daily integral of total solar radiation were reflected by changes in plant growth rate. 
Sometimes a time lag of a few days occurred, indicating the plants were adapting to radiation. 
The proportional dry matter distribution between fruits and vegetative parts showed a cyclic 
pattern. The daily proportional dry matter distribution to the fruits varied between 40 and 90% 
of the total dry matter. However, the cumulative dry weight of the fruits was fairly constant at 
60% of the cumulative plant dry weight. 
The daily proportional dry matter distribution did not seem to be linked directly to the climate 
conditions (temperature, C0 2 concentration, relative humidity or daily light integral). The pro-
portional distribution to the fruits showed a clear positive correlation with the fruit load (number 
and weight of fruits) on a plant. 
The number of fruits on a plant changed considerably during the growing season. This number 
was limited not by the formation of new fruits but by abortion of fruits within about 10 days after 
flowering. The number of young fruits that did not abort appeared to correlate positively with 
the growth rate of the vegetative parts. 
Introduction by the sinks themselves (Evans 1975; Gifford 
& Evans 1981; Farrar 1988; Ho 1988; 
The economic yield of cucumber and many Verkleij & Challa 1988). Many theories have 
other crops, is determined by the accumula- been put forward to explain the mechanism by 
tion of (fresh) weight of the fruits, the weight which assimilates are distributed among plant 
of individual fruits and fruit quality. The organs, but no unequivocal conclusion is 
growth of the fruits is regulated by the assimi- available at present (Gifford & Evans 1981; 
lates available for plant growth and by the Wolswinkel 1985; Farrar 1988; Patrick 1988; 
proportional distribution of these assimilates Wardlaw 1990). 
among plant organs. In many crops the pattern of proportional 
The proportional distribution of assimilates dry matter distribution correlates strongly 
among sinks seems to be regulated primarily with the developmental stage of the crop 
Chapter 2.1.1 
(Penning de Vries & Van Laar 1982). In 
cucumber a short vegetative stage (4-10 
weeks) and a long generative stage (up to 9 
months) can be discerned. Liebig (1978) 
found some indications that during the 
generative stage, which comprises most of the 
growing period, the proportional dry matter 
distribution to the fruits changes cyclically 
irrespective of the age of the crop. 
In the history of genetic improvement of 
yield potential of crops, the increase in the al-
location of assimilates to harvested organs has 
been paramount (Gifford et al. 1984). How-
ever, there are limits to the fraction of assimi-
lates that can be diverted to the fruits. When 
too large a proportion of assimilates is dis-
tributed to the fruits, roots stop growing or 
even die (Van der Post 1968; De Stigter 1969; 
Van der Vlugt 1987) which can be counter-
productive. In addition, a plant should invest 
enough assimilates in its leaves to realize and 
maintain a high rate of photosynthesis. 
Obviously, plant breeding, cultural practices 
and greenhouse climate control should aim at 
achieving an optimal balance between assimi-
lates for fruits and vegetative parts. 
A better understanding of the dry matter 
distribution may lead to better climate control, 
pruning techniques and cultural practices. It 
can help a grower to predict the number and 
weight of harvestable fruits and labour re-
quirements. In addition, quantitative data on 
dry matter distribution are necessary to be 
able to accurately simulate crop production. 
This paper outlines the dynamics of growth 
and dry matter distribution between the 
vegetative parts and fruits of cucumber and 
describes the distribution of dry matter among 
individual fruits. Especially, the relation be-
tween the dry matter distribution and the 
number and weight of fruits on a plant is in-
vestigated. 
Materials and methods 
Seeds of cucumber (Cucumis sativus L, cv. 
Corona) were sown on 9 March 1990 in moist 
perlite in the dark at 30°C. After three days 
six seedlings were transferred to an air-con-
ditioned glasshouse and each plant was grown 
individually in a pvc container (9-1 litre) con-
taining an aerated modified Hoagland solution 
(Steiner 1984). The nutrient solution circu-
lated continuously between the containers and 
a reservoir (60 litres per three plants). 
The main stem of the plants was topped 
above the 19th leaf (the length of the stem was 
about 1-75 m). All side shoots were removed 
from the main stem except for the two up-
permost shoots. Branching of the side shoots 
was not restricted. No more than one flower 
was allowed per axil and all flowers were re-
moved from the axils 1, 2, 3, 4, 5, 9, 13 and 
17 of the main stem. It is common practice to 
restrict the number of flowers on the main 
stem to ensure that the first fruits grow large 
enough and that the plants will rapidly form a 
large leaf area and a closed canopy 
(Anonymous 1987). Leaves were removed 
when they were entirely covered by adjacent 
leaves or when they started yellowing. The 
fresh and dry weights of all plant parts re-
moved were recorded; this revealed that 36% 
of the vegetative dry weight was removed 
before the end of the experiment. 
To determine the weights of the plants, the 
circulation and aeration of the nutrient solu-
tion was interrupted each morning for a 
maximum of 10 minutes (except on the few 
days when no measurements were carried 
out). During this period the plant, in its pvc 
container filled with nutrient solution to a 
fixed level, and the frame supporting the plant, 
were weighed on a set of scales. The fresh 
weight of the plant (excluding the roots) was 
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calculated as the total measured weight minus 
the weight of the frame, the pvc container and 
the nutrient solution. As the specific gravity of 
the roots was close to 1 g ml"1 (0-94 g ml-1 as 
measured at the end of the experiment), the 
weight of the roots in the nutrient solution 
was neglected. The resolution of the meas-
urement of the plant fresh weight was 0-2 g. 
Then the length and circumference (mid-way 
along the fruit) of each fruit was measured to 
estimate the fruit fresh weight: 
F = 0-752 LC21 (4TC) (1) 
where 
F = Fresh weight per fruit (g) 
L = Length of the fruit (cm) 
C = Circumference of the fruit (cm) 
correlation coefficient r = 0-998 
The dry weight of a fruit was estimated as: 
D = F (0-7109X10-1- 0-5060xl0-2 t 
+ 01658xl0-3 fl - 0-1633xl0-5 fi 
+ 0-2662xl0-6 tF) (2) 
where 
D = Dry weight per fruit (g) 
t = time after flowering of the fruit 
(days) 
F = Fresh weight per fruit (g) 
correlation coefficient r = 0-983 
If at harvest, the estimated weight of a fruit 
differed from its measured weight, the esti-
mates for that fruit were adjusted according to 
the proportional difference. At harvest, the 
fresh weight of a fruit was weighed and the 
dry matter content was determined by drying 
three sample slices (at a quarter, half and three 
quarters of the fruit length) in an oven at 
100°C for at least two days. The average dry 
matter content of these three slices gave an 
accurate estimate of the dry matter content of 
the total fruit (±0.8%). The dry weight of a 
harvested fruit was calculated from the fruit 
fresh weight and dry matter content. A fruit 
was harvested when its estimated fresh weight 
exceeded 450 g or when the fresh weight in-
crease of fruits older than 10 days from 
flowering was slower than 10 g in three days. 
Fruits or ovaries which aborted (grew less 
than 01 g fresh weight in three days and/or 
became yellow) were also harvested. 
The fresh weight of the above-ground 
vegetative plant parts was estimated by sub-
tracting the estimated fruit fresh weight from 
the measured plant fresh weight. The dry 
weight of the vegetative parts was estimated 
by assuming a constant dry matter content of 
the vegetative parts (0081 ±0-002 g g"1 as 
measured at the end of the experiment). Total 
plant dry weight (excluding the roots) was the 
sum of fruit and vegetative dry weight. The 
data were smoothed by calculating moving 
averages of three days per plant and averaging 
over six plants. 
Temperature, CO2 concentration and total 
solar radiation inside the glasshouse were 
measured every minute by a PT-100 sensor, 
an infra-red gas analyser (BINOS, Ley-
bold-Heraeus, Woerden, The Netherlands) 
and a thermopile (Kipp and Zonen, Delft, The 
Netherlands), respectively. Average daily CO2 
concentration and temperature were fairly 
constant, viz. 365±23 vpm (during day time) 
and 23-2±0-4°C, respectively. The average 




At the beginning of the growing period the 
growth rate of the plants was slow. It in-
creased more or less steadily until about 27 
April (Fig. 1A). This increase may be attrib-
uted largely to the increase in light intercep-
tion by the increasing leaf area. Thereafter, the 
11 
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28-Mar 27-Apr 27-May 26-Jun 
FIG. 1. Time course of A, the plant growth rate (•) and the daily integral of total solar radiation inside the 
glasshouse (O) and of B, the growth rates of fruits (•) and vegetative plant parts (O). 
daily growth rate closely followed the daily 
integral of total solar radiation inside the 
glasshouse. However, the growth rate lagged 
behind the peak in total solar radiation at 
about 25 May. 
Initially the growth rate of the vegetative 
parts increased but when the first fruits started 
to swell it declined (Fig. IB). Neither the 
growth rate of the vegetative parts nor that of 
the fruits was constant. Often a high growth 
rate of the fruits was accompanied by a slow 
growth rate of the vegetative parts and vice 
versa. 
Dry matter distribution 
The daily proportional dry matter distribution 
between fruits and vegetative parts showed a 
cyclic pattern (Fig. 2A). In fruiting plants the 
proportion of the daily total dry matter pro-
duction distributed towards the fruits varied 
from 40 to 90%. During the first month after 
fruit growth started the percentage cumulative 
dry weight of the fruits relative to the cumu-
lative plant dry weight increased strongly but 
thereafter did not change by more than 10% 
(Fig. 2A). The dry and fresh weights of the 
fruits accounted for 60±1 and 79±1%, re-
spectively, of the above-ground weight at the 
end of the experiment, and 67±1 and 84±1%, 
respectively, of the dry and fresh weight pro-
duction between 25 April (date of first harvest 
of fruits) and the end of the experiment. The 
root weight at the end of the experiment was 
only 2-6±01% of the final cumulative plant 
dry weight. 
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FIG. 2. A, Time course of the daily (•) and the cumulative (O) proportional dry matter distribution to the 
fruits. The daily proportional dry matter distribution is the fruit growth rate as a fraction of the total plant 
growth rate. The cumulative proportional dry matter distribution is the cumulative fruit weight as a 
fraction of the cumulative total plant weight. B, C, Time course of the daily proportional dry matter 
distribution to the fruits (•) in comparison with the time course of number (B; O) and total weight (C; O) 
of non-aborting fruits on the plants. 
Most decreases and increases in propor-
tional dry matter distribution towards the 
fruits were preceded by a few days by de-
creases and increases in number of fruits 
growing on the plants (Fig. 2B). The propor-
tional dry matter distribution towards the 
fruits correlated very positively with the 
logarithm of fruit weight on the plant (Fig. 
2C). Regression analysis showed a significant 












28-Mar 27-Apr 27-May 26-Jun 
FIG. 3. Time course of number of aborting and non-aborting fruits on a plant. The number of 
non-aborting fruits was divided into four age classes [0-5 days (H), 5-10 days (D), 10-15 days ( • ) and 
15 or more days (HD) after flowering] and the number of aborting fruits was divided into two age classes 
[0-5 days (D) and 5 or more days ( g ) after flowering]. Aborting fruits were harvested 3-13 days after 
flowering, and non-aborting fruits were harvested 9-24 days after flowering. 
dry matter distribution and (X) the logarithm 
of fruit weight (Y= -004 + 0-46X; r = 0-91). 
Most of the larger changes in total solar 
radiation seemed to be followed by changes in 
daily proportional dry matter distribution to 
the fruits (compare Figs 1A and 2A). How-
ever, the time lag was not constant; the in-
crease in radiation on 15 May was followed 
about 9 days later by an increase in propor-
tional dry matter distribution, while on 12 
June both increased simultaneously. 
Fruit number 
The plants continually formed new fruits 
which were harvested within 9-24 days after 
flowering (Fig. 3). Although new fruits were 
continually being formed the number of fruits 
on the plants changed considerably during a 
growing season. Not all the fruits grew to har-
vestable size; many stopped growing 
(aborted). Fruit abortion often occurred 
within only 5 days after flowering and never 
occurred more than about 10 days after 
flowering (harvested after 13 days). Abortion 
of ovaries also occurred. Until about 15 May 
fruit abortion occurred only occasionally, but 
finally 62% of all fruits aborted. 
The total number of fruits on the plants 
decreased after the first fruits of the side 
shoots had flowered (29 April; Fig. 3). In this 
period only some fruits aborted, but many 
newly formed ovaries had already aborted 
(become yellow and/or dried out) before they 
could flower (6±2 ovaries per plant between 6 
and 17 May), resulting in only a few 
non-aborting fruits. 
The number of young non-aborting fruits 
(number of fruits younger than 5 days from 
flowering which grew on to harvest) appeared 
to be positively correlated with the growth 
rate of the vegetative plant parts (Fig. 4). 
Regression analysis showed a significant linear 
relation between {Y) the number of young 
non-aborting fruits and (X) the vegetative 
growth rate (Y= -0-23 + 0-69X; r = 0-75). 
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FIG. 4. Time course of number of young non-aborting fruits (•; per day the number of fruits between 0 
and 5 days from flowering that grew out to harvestable fruits) in comparison with the time course of the 
growth rate of the vegetative plant parts (O). 
Discussion 
Growth rates 
Most of the variation in plant growth rate 
could be ascribed to changes in the daily in-
tegral of total solar radiation. Sometimes there 
was a time lag of a few days between a 
change in radiation integral and growth rate, 
indicating the plants were adapting to the ra-
diation level. This corroborates the findings of 
Schapendonk & Brouwer (1984). Since in fact 
fresh weight was measured, changes in dry 
matter content could cause errors in the esti-
mated increase in dry weight. Storage or re-
mobilization of assimilates or the transpiration 
rate might influence the dry matter content of 
the plant. The time lag between growth rate 
and radiation integral could also have been 
caused by photosynthesis adapting to radia-
tion. 
Dry matter distribution 
Fruits and vegetative parts competed strongly 
for assimilates. The proportional dry matter 
distribution between fruits and vegetative 
parts showed a cyclic pattern, which corrobo-
rates the conclusions of Liebig (1978). How-
ever, the cycles Liebig (1978) found could 
also have been the result of random fluctua-
tions in the ratio of fruit to total plant dry 
weight in his set of plants, because the cycles 
were in successive intervals of destructive har-
vests. In other greenhouse crops which grow 
indeterminately, such as sweet pepper and 
tomato, the proportional dry matter distribu-
tion between fruits and vegetative parts also 
seems to change cyclically (Kato & Tanaka 
1971; Hall 1977; De Koning 1989). Although 
in the short term (days) the proportional dis-
tribution towards the fruits changed rapidly, in 
the long term (several weeks) this distribution 
was fairly constant. During the generative 
stage the fruits comprised on average 67% of 
the total dry matter produced, which 
demonstrates that they were the strongest 
sinks for assimilates. Over the whole growing 
period this percentage was 60%, which is 
comparable with percentages (varying from 
50 to 64%) reported by Denna (1973), Liebig 
(1978), Ramirez et al. (1988b), Widders & 
Price (1989) and Welter et al. (1990). In short 
term experiments Barrett & Amling (1978) 
and Murakami et al. (1982) found that 80% 
of the assimilates they had labelled with 14C 
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were recovered in the fruits; this value is 
within the range of 40-90% (Fig. 2A). 
The variation in proportional dry matter 
distribution between fruits and vegetative 
parts did not result directly from changes in 
climate conditions. The temperature, CO2 
concentration and relative humidity were fairly 
constant (as described in Materials and 
Methods). The proportional dry matter distri-
bution did not significantly correlate with the 
radiation integral of the same day, as indicated 
also by Liebig (1978). There were some 
indications that a large change in total solar 
radiation induced a change in proportional dry 
matter distribution to the fruits, but the time 
lag was variable. Moreover, in another ex-
periment in which the daily radiation integral 
was much less variable than in this experi-
ment, we also measured a strong fluctuation 
in proportional dry matter distribution (data 
not shown). From these results it is concluded 
that total solar radiation can influence dry 
matter distribution, but that it is not the 
predominant cause of the cyclic behaviour of 
the proportional dry matter distribution. 
The proportional dry matter distribution to 
the fruits correlated closely with the fruit load 
on a plant. The reason for the close positive 
correlation with the fruit number is that each 
fruit represents a sink for assimilates. The time 
lag between fruit number and proportional dry 
matter distribution can be explained by the in-
crease in potential capacity of a sink organ to 
accumulate assimilates (sink strength) as 
young fruits mature (Marcelis et al. 1989). 
The weight of fruits on a plant was closely 
correlated with the proportional dry matter 
distribution, because the sink strength and 
weight of a fruit simultaneously increase as 
fruits mature. Obviously, the proportional dry 
matter distribution towards the fruits 
increased because the weight of fruits on a 
plant increased, but the fruit weight also in-
creased because more dry matter was 
distributed towards the fruits (unless fruits 
were harvested). 
Fruit number 
The number of fruits growing on a plant 
changed considerably during the growing sea-
son. Although young fruits (flowers) were not 
formed at a constant rate, this rate seemed not 
to limit the number of fruits growing on a 
plant. Only 38% of all newly formed fruits 
grew out to harvestable fruits. Drews (1979) 
reported an even lower value of only 30%. De 
Lint & Heij (1982) measured a much higher 
percentage of about 75%, but they considered 
only fruits on the main stem. The number of 
fruits growing on a plant depended primarily 
on how many fruits did not abort shortly after 
flowering. Fruits that aborted did so within 
about 10 days after flowering; this agrees with 
results obtained by Schapendonk & Brouwer 
(1984). The number of young fruits that did 
not abort correlated positively with the 
growth rate of the vegetative parts, because 
probably they both largely depend on the total 
plant growth rate and the competition from 
older fruits. Initially only a few fruits aborted, 
because the number of fruits on the main 
stem, but not on the side shoots, was 
restricted by fruit thinning; a practice common 
in commercial cucumber cultivation (Anony-
mous 1987). In other experiments we found 
that when fewer fruits on the main stem were 
removed or when the daily radiation integrals 
were lower many fruits on the main stem also 
aborted in the first part of the growing season 
(data not shown). Whether or not a cucumber 
fruit aborts, seems to be determined by the 
availability of assimilates until about 10 days 
after flowering. In other species fruit abortion 
also seems to be determined by the availability 
16 
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of assimilates during the early stages of fruit fruit load soon increases and therefore the 
development (Kinet 1977; Wardlaw 1990). proportional dry matter distribution to the 
However, Schapendonk & Brouwer (1984) fruits increases too. At the same time, fewer 
had some indications that fruit abortion was assimilates are available for hew fruits and 
not solely due to assimilate shortage, but also therefore many of them abort. After a while, 
to the dominance of competing fruits. therefore, the fruit load and the proportional 
When many assimilates are available be- dry matter distribution to the fruits will be 
cause of a high level of radiation or low fruit low. Then this cycle of fruit load and dry 
load on the plant, many young fruits start matter distribution can start again, 
growing and do not abort. As a result, the 
17 
2.1.2. Dry matter partitioning into the fruits: 
Effect of fruit load and temperature 
Marcelis, L.F.M., 1993. Fruit growth and biomass allocation to the fruits in cucumber. 1. 
Effect of fruit load and temperature. Scientia Horticulturae 54:107-121. 
Abstract. Cucumber plants were grown at 18°C or 25°C and with four intensities of fruit 
removal to analyse the effects of temperature and the number and weight of fruits on fruit 
growth and biomass allocation to the fruits. Increasing the number of fruits per plant increased 
the total fruit growth at the expense of the vegetative growth. The daily biomass allocation to 
the fruits showed a saturation type relationship with the total fruit weight on a plant. With the 
same number or weight of fruits on a plant, the biomass allocation to the fruits was greater at 25 
than at 18CC. When the number of fruits on a plant was not manually restricted, temperature had 
only a slight effect on the biomass allocation because there were less fruits on a plant at 25 than 
at 18°C. With increasing number of fruits per plant or decreasing temperature the growth rate of 
the individual fruits decreased, resulting in an increase in the growing period from anthesis until 
harvest of the individual fruits. The dry-matter percentage of the fruits decreased with increasing 
number of fruits on a plant and with increasing temperature. The fruit fresh weight production 
increased with increasing temperature, but fruit dry weight production was hardly affected. 
Introduction 
The biomass allocation to the fruits strongly 
affects the total fruit production, the weight of 
the individual fruits and the quality of the 
fruits, which are important determinants of the 
economic yield of crops such as cucumber. In 
cucumber, the fruits comprise about 60% of 
the total dry matter produced and thus are the 
major sinks for assimilates (Chapter 2.1.1). It 
is generally agreed that the distribution of as-
similates among sinks is primarily regulated by 
the sinks themselves (Gifford & Evans 1981; 
Farrar 1988; Ho 1988). Assuming the biomass 
allocation to be regulated by the sinks, 
tentative simulation models have been 
developed in which the biomass allocation is 
determined by sink strengths of individual 
fruits (Schapendonk & Brouwer 1984; 
Marcelis et al. 1989). When the dynamics of 
growth and dry matter distribution between 
the fruits and vegetative parts of cucumber 
were measured during a growing season, we 
found some indications that the dry matter 
distribution to the fruits correlated with the 
number and weight of fruits on a plant 
(Chapter 2.1.1). 
Temperature often has a strong effect on 
plant growth and development. In cucumber 
the earliness of fruit production increases with 
increasing temperature, but total fruit pro-
duction decreases (Drews et al. 1977; Liebig 
1981). Temperature affects the formation rate 
of organs (Challa & Van de Vooren 1980) 
and the growth and development of individual 
organs (Tazuke & Sakiyama 1986). Thus tem-
perature could have a strong influence on the 
demand for assimilates (sink strength) by the 
growing organs and therefore on the biomass 
allocation. Effects of temperature on the 
19 
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biomass allocation in cucumber have so far 
received little attention. 
The objective of this study was to analyse 
to what extent the biomass allocation to the 
sinks is determined by the sinks themselves. 
As fruits are the major sinks for assimilates, 
this study focused on the growth of individual 
fruits and the biomass allocation to the fruits. 
Plants were grown at different levels of fruit 
removal and different temperatures over an 
extended period (2-3 months). In addition, to 
study whether the response of plants to tem-
perature is the same in acclimatized and non-
acclimatized plants, the effects of temperature 
over a four-day period were investigated. 
The average climate data are shown in Table 
1. 
The fresh and dry weights (after drying at 
100°C for 48 h) of all plant parts harvested 
were measured. However, the dry weights of 
the fruits were calculated from the fruit fresh 
weight and dry-matter percentage (% of fresh 
weight). The dry-matter percentage of a fruit 
was the average of the dry-matter percentage 
of three sample slices (at a quarter, half and 
three-quarters of the fruit length); the total 
sample fresh weight was at least 10% of the 
total fruit fresh weight. The data were ana-
lysed by analysis of variance and least signifi-
cant differences were calculated according to 
Student's t-test. 
Materials and methods 
Two experiments were carried out to assess 
the effects of fruit load and temperature over 
an extended period and three additional ex-
periments investigated the effects of tempera-
ture during a four-day period on fruit growth 
and biomass allocation. The following de-
scription applies to all experiments. 
Seeds of cucumber {Cucumis sativus L. cv. 
Corona) were germinated in moist perlite in 
the dark at 30°C. After three days, seedlings 
were transferred to an aerated modified 
Hoagland solution (Steiner 1984) in an air-
conditioned glasshouse. Temperature and 
total solar radiation inside the glasshouse 
(above the canopy) were measured every 
minute by a shielded PT-100 sensor and a 
thermopile (Kipp and Zonen, Delft, 
Netherlands), respectively. The daily average 
relative humidity was 75±10% (mean ± SE) as 
measured by a thermohygrometer. In 
Experiments 3 and 4, high pressure sodium 
lamps (Philips SON-T 400W) provided 
supplementary light from 8.00 until 20.00 h. 
Experiments 1 and 2: Effects of fruit load and 
temperature over an extended period on 
growth and biomass allocation 
Seeds were sown on 28 March 1989 
(Experiment 1) and 14 July 1989 (Experiment 
2). After 14 days plants were grown at an av-
erage temperature of 18 or 25 °C (temperature 
during the day was 4-5 °C higher than during 
the night). Four intensities of fruit removal 
were examined: one fruit remaining per leaf 
axil; one fruit remaining per three leaf axils; 
one fruit remaining per six leaf axils; all fruits 
removed. The fruit number was imposed by 
removing the ovaries daily. In all treatments 
no fruits were allowed to grow in the five 
lowermost leaf axils. The main stem of the 
plants was topped at a height of approximately 
1.75 m. In the 18°C treatment the number of 
leaves on the main stem was 22 in Experiment 
1 and 23 in Experiment 2; the equivalent fig-
ures in the 25 °C treatment were 19 and 21. 
All but the two uppermost side shoots of the 
main stem were removed. The side shoots of 
the two shoots retained were also removed. 
Leaves were removed when they were entirely 
20 
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shaded by adjacent leaves or when they 
started yellowing (5-7% of the final leaf dry 
weight was removed before the end of the 
experiments). A fruit was harvested when its 
estimated fresh weight exceeded 400-450 g or 
when its fresh weight increase was estimated 
to be less than 0.1 g in three days for fruits 
younger than 10 days, or less than 10 g in 
three days for fruits older than 10 days. The 
estimated fresh weights of the fruits on the 
plant were calculated from measurements of 
length and circumference, as described else-
where (Chapter 4.1). 
All plants in the same temperature treat-
ment were harvested when they had produced 
on average about 60 leaves (95 days after 
sowing at 18°C and 68 days at 25°C). At the 
end of the experiments cumulative weights 
including all previous harvests were calcu-
lated. 
The treatments were arranged in a split-
plot design with temperature at the whole-plot 
level and number of fruits at the sub-plot 
level. The experiment was repeated in two 
consecutive periods. In Experiment 1 the low 
and the high temperature were randomized 
over two identical glasshouse compartments. 
In Experiment 2 the assignment of the low 
and high temperature to the compartments 
was changed. In each compartment plants 
were grown in three rows (2 m length) of four 
plants. Each row represented a block. Per 
block each plant had another sub-plot treat-
ment (number of fruits). 
In Experiment 1, at both temperatures the 
total plant weight (excluding the roots) and 
number and weight of the fruits of three addi-
tional plants (with one fruit remaining per leaf 
axil) were measured daily to analyse the daily 
biomass allocation to the fruits, according to 
the non-destructive method described else-
where (Chapter 2.1.1). 
Experiments 3, 4 and 5: Effects of tempera-
ture over a four-day period on growth and 
biomass allocation 
Seeds were sown on 17 November 1989 
(Experiment 3), 9 January 1990 (Experiment 
4) and 19 April 1991 (Experiment 5). The 
main stem of the plants was topped above the 
12th leaf (36 days after sowing). All but the 
two uppermost side shoots of the main stem 
were removed. The side shoots of the two 
shoots retained were also removed. Only three 
fruits per plant were allowed to grow (in leaf 
axil 6, 8 and 10). On average the fruits in axil 
6, 8 and 10 started flowering at 38+1 d, 
40±1 d and 42±1 d after sowing (means ± SE), 
respectively. Up to 48 days after sowing the 
plants were grown at a constant temperature 
of 22°C and then the treatments were initiated 
by changing the temperature to 17°C or 27°C. 
Within each temperature treatment, three dif-
ferent irradiance levels were applied during 
the treatment period by shading the plants 
over the tops and along the sides with none, a 
single or a double layer of cheese cloth 
(transmittance 100, 50 and 30%, respec-
tively). In each experiment 12 plants were 
harvested at the start of the treatments; the 
leaf area was 1.16±0.17 m2 per plant, the dry 
weight of the above-ground vegetative plant 
parts was 51.8±5.5 g per plant and that of the 
fruits was 10.1+2.8 g per plant (means + SE). 
Four days later all remaining plants were har-
vested. Plant and fruit growth were calculated 
as the difference in weights of plants har-
vested before and after the treatment period of 
four days. As the effects of temperature on 
growth and biomass allocation showed similar 
trends at all three irradiance levels (no signifi-
cant interaction at the 5% level) and in all 
three experiments, the results were averaged 
over the three irradiance levels and experi-
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merits. The effects of irradiance level will be 
described elsewhere (Chapter 2.1.3). 
The treatments were arranged in a split-
plot design with temperature at the whole-plot 
level and irradiance at the sub-plot level. 
Within each whole plot the irradiance treat-
ments were arranged as a balanced incomplete 
block design. The experiment was repeated in 
three consecutive periods. In each experiment 
the low and the high temperature treatment 
were randomized over two identical glass-
house compartments. In each compartment 
plants were grown in three rows (2.3 m 
length) of six plants until start of the 
treatments and during the treatment period 
four plants were grown per row. Each row 
represented a block, which was divided into 
two sub-blocks consisting of two plants each. 
Plants in a sub-block had the same irradiance 
treatment. 
Results 
Plant growth and biomass allocation 
Increasing the temperature from 18 to 25 °C 
during an extended period hastened anthesis 
of the first flowers from 46 to 35 days after 
sowing and the harvest of the first fruit from 
66 to 46 days after sowing. Although plants at 
both temperatures were harvested when they 
had approximately the same number of leaves 
(56 leaves per plant at 18°C and 63 leaves per 
plant at 25°C), plants (both vegetative and 
generative parts) at 18°C were much larger 
than those at 25°C (Table 2). At 18°C the 
growing period from sowing until the forma-
tion of the 60th leaf was considerably longer 
than at 25°C (95 days at 18°C and 68 days at 
25°C). 
The number of fruits per plant did not 
affect the total plant dry weight production 
(Table 2). However, plant fresh weight 
increased greatly with an increase in the 
number of fruits. Increasing the number of 
fruits per plant strongly enhanced the biomass 
(fresh and dry weight) allocation to the fruits 
at the expense of the vegetative organs. 
Daily non-destructive measurements of to-
tal plant (excluding the roots) and fruit 
growth revealed a saturation type relationship 
between the daily dry matter distribution 
towards the fruits and the fruit load expressed 
as the total dry weight of fruits on a plant 
(Fig. 1A). A Michaelis-Menten function fitted 
this relationship (Fig. 1 A). When the fruit load 
was expressed as the number of fruits on a 
plant instead of fruit weight, the relationship 
with dry matter distribution was less clear but 
a positive relationship was still found between 
the dry matter distribution to the fruits and the 
fruit load (Fig. IB). 
When plants were grown over an extended 
period at 18 or 25 °C the distribution of 
biomass (fresh and dry weight) to the fruits 
was highest at 25 °C (Table 2). The tempera-
ture effect was most pronounced when the 
number of fruits retained on the plant was lim-
ited. The daily dry matter distribution as a 
function of the fruit load on the plant was also 
greater at 25 than at 18°C (Fig. 1), but when 
one fruit was left on each leaf axil the average 
number of fruits growing at the same time on 
a plant was lower at 25 than at 18°C (Table 
2). In plants of identical size and with a fixed 
number of three fruits per plant, the dry 
matter distribution (Table 3) after a change in 
temperature over only four days from 22°C to 
27°C or from 22°C to 17°C agreed fairly well 
with values expected from the Michaelis-
Menten relationship between dry matter dis-
tribution and fruit load, established in the ex-
periments where plants were grown over an 
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0 20 40 60 
total dry weight of fruits on the plant (g plant "1 ) 
0 5 10 15 
number of fruits on the plant (plant "1) 
FlG. 1. The daily dry matter distribution to the fruits (growth rate of fruits divided by growth rate of the 
total above-ground plant parts, including the fruits) as a function of the daily fruit load at 18°C (O, - - • ) 
and 25°C (• ,— ). The fruit load is expressed as total dry weight of fruits on the plant (A) or as number 
of fruits on the plant (B). From anthesis of the first flower until final harvest, fruit load and dry matter 
distribution were daily measured non-destructively. Each data point is the mean of three plants on one day 
(Experiment 1). The curves of dry matter distribution (Y) against weight of fruits (X) were fitted by a 
Michaelis-Menten function: 
18°C: Y= 0.94X7 (7.10 + X); r2 = 0.993 
25°C: Y= 1.08X7 (8.41 + X); r2 = 0.989 
This relationship predicted the fraction of dry 
matter distributed to the fruits to be 0.55 at 
18°C and 0.59 at 25°C while in the short term 
experiment this ratio was 0.52 at 17°C and 
0.56 at 27°C. Raising the temperature for four 
days strongly enhanced the rate of increase in 
fruit fresh weight, but the rate of increase in 
fruit dry weight increased only slightly (Table 
3). 
Growth of individual fruits 
The average growth rate of individual fruits 
decreased with increasing number of fruits per 
plant or decreasing temperature, resulting in 
an increase in the growing period (time from 
anthesis until harvest) of the individual fruits 
(Table 4). Opposite to the effects of tempera-
ture, the effects of fruit number on the growth 
rate were greater in terms of dry rather than 
fresh weight. A fruit was harvested when it 
had reached a minimum weight or when its 
growth rate dropped below a threshold value 
(see Materials and Methods). As a result, the 
decrease in average growth rate per fruit with 
increasing number of fruits or with decreasing 
temperature was accompanied by a decrease 
in weight per fruit at harvest (Table 4). With 
increasing fruit number both the length and 
circumference of the harvested fruits 
decreased, while the ratio of length to 
circumference decreased (Marcelis 1994). The 
length:circumference ratio of the harvested 
fruits was not significanctly affected by the 
temperature (Marcelis 1994). 
Dry-matter percentage 
The dry-matter percentage of both the fruits 
and the vegetative plant parts decreased when 
the number of fruits increased (Table 5). 
Although the least significant difference be-
tween combinations of temperature and fruit 
number indicates that differences between 
dry-matter percentages of the vegetative plant 
parts were not significant (Table 5), the main 
25 
Chapter 2.1.2 
TABLE 3. Effects of temperature over a four-day period on the increase in fresh and dry weight of the total 
plant (above-ground parts including the fruits) and fruits, and the ratio of fruit to total plant weight 
increase. The temperature was lowered or raised 48 days after sowing. Each plant had three fruits (10.1 g 
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effect of fruit number on dry-matter 
percentage of the vegetative plant parts was 
significant at the 1% level. 
The dry-matter percentage of the fruits was 
lower at 25°C than at 18°C, while the 
dry-matter percentage of the vegetative parts 
was not significantly affected by temperature 
(Table 5). Increasing the temperature for only 
four days from 22 to 27°C as compared with a 
decrease from 22 to 17°C (Experiments 3, 4 
and 5) also reduced the dry-matter percentage 
of the fruits (from 3.11 to 2.82% of fresh 
weight); the dry-matter percentage of the 
vegetative parts also decreased (from 6.35 to 
6.17% of fresh weight). 
Discussion 
Effects of number of fruits 
In accordance with Ramirez et al. (1988a) in-
creasing the number of cucumber fruits per 
plant did not affect total plant dry weight 
growth but enhanced fruit growth at the ex-
pense of vegetative growth. This has also 
been found in pepper, eggplant and citrus 
(Hall 1977; Lenz 1979; Nielsen & Veierskov 
1988). The increase in fruit production per 
plant was less than proportional to the 
increase in number of fruits retained per leaf 
axil, because the average growth rates of 
individual fruits decreased. Moreover, the 
increase in average number of fruits on a plant 
was less than proportional to the increase in 
number of fruits retained per leaf axil because 
of a decrease in leaf formation rate and an 
increase in fruit abortion rate (data not 
shown). 
The biomass allocation to the fruits and the 
total fruit production were to a large extent 
determined by the number and size of the 
fruits as also reported for other crops (Heim 
et al. 1979; Lenz 1979; Nielsen & Veierskov 
1988; Richardson & McAneny 1990). The 
daily biomass allocation to the fruits showed a 
closer relationship to the total fruit weight 
than to the number of fruits growing at the 
same time on a cucumber plant. The 
deviations of data points from a smooth curve 
of biomass allocation versus fruit weight (Fig. 
1A) could not be explained by differences in 
the number of fruits (data not shown). This 
indicates that the total sink strength of the 
fruits is related to the total fruit weight. This 
weight is a function of the number and weight 
of the individual fruits. It is probable that the 
sink strength and weight of individual fruits 
simultaneously increase as fruits mature. 
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TABLE 4. Effects of temperature and number of fruits retained on the growing period from anthesis until 
harvest, the harvest weight and the average growth rate of the individual fruits. Data are means of 6 






















































































'x/y: x fruits per y leaves 
2LSD: Least significant differences between treatment combinations of temperature and fruit number 
However, there might be some variations to 
this relationship between the actual fruit 
weight and sink strength, since for example 
the weight of old fruits continues to increase 
while the growth rate (sink strength) 
decreases (Chapter 4.1). Further research is 
needed to study the time course of the sink 
strength of individual fruits. The results sug-
gest that an increase in weight of fruits on the 
plant leads to an increase in the dry matter 
distribution to the fruits. However, it should 
be noted that with a time lag of one day 
(because the time-step between subsequent 
measurements was one day) the fruit weight 
also increases when the biomass allocation 
increases (unless fruits are harvested). The 
dependence of the daily dry matter 
distribution on the total dry weight of the 
fruits on the plant was not affected by plant 
age or size, because the dry matter 
distribution to the fruits varied cyclically 
between approximately 15 and 95% after the 
first week of fruit growth (data not shown). In 
addition, the deviations of data points from 
the smooth saturation type curves (Fig. 1A) 
were not the result of plant age or size, 
because the percentage variance accounted for 
did not increase when a linear relation of plant 
age or size was added to the Michaelis-
Menten equation. 
The increase in total plant fresh weight 
production with increasing number of fruits 
was accompanied by a decrease in the dry-
matter percentage of the plants, while dry 
matter production was not affected. The de-
crease in dry-matter percentage of both the 
fruits and vegetative parts at increasing num-
ber of fruits might indicate a decrease in the 
level of assimilate reserves in the plants. The 
decrease in dry-matter percentage of the fruits 
was also partly the result of the increased 
growing period of individual fruits, because 
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TABLE 5. Effects of temperature and number of fruits retained on the dry-matter percentage (% of fresh 
weight) of the fruits and the vegetative plant parts. All plants of one temperature treatment were harvested 
when they had on average about 60 leaves. Data are means of 6 replicate plants (Experiments 1 and 2). 






































'x/y: x fruits per y leaves 
2LSD: Least significant differences between treatment combinations of temperature and fruit number 
the dry-matter percentage of a fruit decreases 
at increasing fruit age (except for very old 
fruits) (Chapter 4.1). Although for all treat-
ments the vegetative parts were harvested at 
the same time, irrespective of the number of 
fruits, there might have been a small difference 
in physiological maturity of the vegetative 
plant parts which could have contributed to 
the effects on dry-matter percentage. In 
accordance with our results, Starck et al. 
(1979) found an increase in dry-matter 
percentage of the stem and petioles after 
removal of flowers in tomato, but Hall & 
Milthorpe (1978) found no effect of fruit 
removal on dry-matter percentage of leaves in 
pepper while the content of polysaccharides 
increased. 
Effects of temperature 
The rate of development of the plant and indi-
vidual fruits was accelerated by the higher 
temperature. This resulted in an earlier harvest 
of the first fruits which has also been reported 
by Drews et al. (1977) and Liebig (1981). 
Moreover, this resulted in a shorter growing 
period and a higher growth rate of individual 
fruits, which corroborates the results of 
Tazuke & Sakiyama (1986). In order to com-
pare plants of the same developmental stage, 
at both temperatures plants were harvested 
when they had the same number of leaves. At 
both temperatures they were harvested at least 
one month after anthesis of the first flowers, 
when the ratio between the cumulative 
weights of fruits and vegetative plant parts 
becomes fairly constant (Chapter 2.1.1). 
With the same number or weight of fruits 
on a plant, the allocation of biomass to the 
fruits was greater at 25 than at 18°C. When 
the number of fruits was not manually 
restricted (1 fruit remaining per leaf axil), 
temperature had only a slight effect on the 
final fruit biomass relative to the total plant 
biomass, because the fruit load (number or 
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weight of fruits on a plant) was lower at 25 
than at 18°C. This lower fruit load was the 
result of an increased abortion rate (data not 
shown) and a decreased growing period (from 
anthesis until harvest) of individual fruits. Our 
results indicate that the sink strength of 
individual fruits increases at increasing 
temperature, resulting in an increase in 
biomass allocation to the fruits. However, the 
number of fruits on a plant decreases at 
increasing temperature such that the sink 
strength of all fruits together relative to the 
sink strength of the vegetative parts and hence 
the biomass allocation is not altered. In accor-
dance with our results with cucumber, De 
Koning (1989) found a decrease in fruit load 
at increasing temperature in tomato. As we 
only compared a very low with a very high 
temperature, small temperature differences 
probably have only small effects on the final 
ratio between fruit and plant weight when the 
number of fruits is not manually restricted, as 
was also observed in sweet pepper and tomato 
(Bhatt & Srinivasa Rao 1989; De Koning 
1989). However, Verkerk (1955) found in to-
mato a decrease in the final dry matter distri-
bution to the fruits at increasing temperature. 
The effects of temperature on the relation-
ship between the dry matter distribution to the 
fruits and fruit load was established after 
plants had grown over an extended period at a 
low or high temperature and had acclimatized 
to that temperature. However, an experiment 
in which plants of identical size were grown 
for four days at a lowered or raised 
temperature indicated that the relationship 
between dry matter distribution and fruit load 
also holds for fluctuating climatic conditions. 
Moreover, this relationship did not seem to be 
noticeably affected by age or size of the plants 
(as discussed before). 
The increase in fruit fresh weight produc-
tion with increasing temperature was accom-
panied by a higher fresh weight production 
per gram dry matter produced (lower dry-
matter percentage), but not necessarily by an 
increase in dry weight production. 
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2.1.3. Dry matter partitioning into the fruits: 
Effect of irradiance 
Marcelis, L.F.M., 1993. Fruit growth and biomass allocation to the fruits in cucumber. 2. 
Effect of irradiance. Scientia Horticulturae 54: 123-130. 
Abstract. Cucumber plants were grown at three different irradiances in a glasshouse for a short 
(4 days) and an extended period (62 days). The biomass allocation to the fruits increased with 
increasing irradiance when plants were grown over an extended period (62 days) at different 
irradiances. In the short-term (4 days) the allocation to the fruits did not increase with increasing 
irradiance. The positive long-term effect of high irradiance on the biomass distribution to the 
fruits could primarily be ascribed to an increase in the number of fruits growing at the same time 
on the plant. The growth rate of individual fruits increased with increasing irradiance resulting in 
a shorter growing period from anthesis until harvest of a fruit. The dry-matter percentage of both 
the fruits and the vegetative plant parts increased with increasing irradiance . 
Introduction 
It is generally agreed that the biomass alloca-
tion among sink organs is primarily regulated 
by the sinks themselves and that the source 
strength (photosynthesis) is only of minor im-
portance (Gifford & Evans 1981; Farrar 1988; 
Ho 1988). In cucumber we (Chapters 2.1.1, 
2.1.2) found the biomass allocation to the 
fruits, which are the major sinks of a cucum-
ber plant, to be strongly dependent on the 
number and weight of these organs. A high 
source strength created for example by high 
irradiance strongly enhances the total plant 
growth and as a result the fruit production, 
but information on the effects of source 
strength on the biomass allocation to the fruits 
is limited. During one growing season Liebig 
(1978) and Marcelis (Chapter 2.1.1) found no 
noticeable relationship between the dry matter 
distribution and the integral of solar radiation 
of the same day or week. However, there 
were some indications that a large change in 
solar radiation induced a change in the dry 
matter distribution to the fruits, but the time 
lag between the change in radiation and the 
change in dry matter distribution was variable 
(Chapter 2.1.1). 
The objective of this study was to analyse 
to what extent the source strength of a plant 
affects the biomass allocation to the fruits in 
cucumber. Differences in source strength were 
created by growing plants at three different 
irradiances in a glasshouse. In order to test 
whether the response changes when plants 
acclimatize to the irradiance level, growth of 
the individual fruits and the biomass allocation 
to the fruits were measured after either a short 
(4 days) or an extended period (62 days) at 
different irradiances. 
Materials and methods 
One experiment was carried out to assess the 
effects of irradiance over an extended period 
of 62 days and three additional experiments 
investigated the effects of irradiance over a 
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four-day period in cucumber (Cucumis sativus 
L. cv. Corona). Details of germination and 
initial growth, measurement of climate data 
and fresh and dry weights and statistical 
analysis are described elsewhere (Chapter 
2.1.2). 
Experiment 1: Effects of irradiance over an 
extended period on growth and biomass allo-
cation 
Seeds were sown on 25 June 1990. After 18 
days plants were grown at three different ir-
radiances by shading the plants over the tops 
and along the sides with none, a single or a 
double layer of cheese cloth (transmittance 
100, 50 and 30%, respectively). The average 
total solar radiation inside the glasshouse was 
4.94 MJ m~2 d"1 for the unshaded plants. The 
daily average temperature was 24.5°C. 
Thermocouples indicated that shading affected 
the air temperature less than 0.5°C. The daily 
average relative humidity was 75±10% 
(mean ± SE) 
The main stem of the plants was topped at 
a height of approximately 1.75 m. At this 
height, the numbers of leaves formed on the 
main stem in the three irradiance treatments 
were 18 (100% irradiance), 14 (50% irradi-
ance) and 12 (30% irradiance), respectively. 
All but the two uppermost side shoots of the 
main stem were removed. Branching of the 
side shoots was not restricted. As it is com-
mon practice to restrict the number of flowers 
on the main stem in order to ensure that the 
first fruits grow large enough and that the 
plants will rapidly form a large leaf area and a 
closed canopy, 40 % of the flowers on the 
main stem were allowed to remain on the 
plant. The number of fruits on the side shoots 
was not manually restricted. Leaves were re-
moved when they were entirely shaded by ad-
jacent leaves or when they started yellowing 
(5-7% of the final leaf dry weight was re-
moved before the end of the experiment). A 
fruit was harvested when its estimated fresh 
weight exceeded 350-400 g or when its fresh 
weight increase was estimated to be less than 
0.1 g in three days for fruits younger than 10 
days, or less than 10 g in three days for fruits 
older than 10 days. The estimated fresh 
weights of the fruits on the plant were calcu-
lated from measurements of length and cir-
cumference, as described elsewhere (Chapter 
4.1). The plants were harvested 80 days after 
sowing (62 days after the start of the treat-
ments). At the end of the experiments, cumu-
lative weights including all previous harvests 
were calculated. 
The treatments were arranged in a random-
ized block design. The experiment was carried 
out in three identical glasshouse compart-
ments representing three blocks. In each com-
partment plants were grown in three rows of 
three plants. The same level of shading was 
applied to all three plants in a row. 
Experiments 2, 3 and 4: Effects of irradiance 
over a four-day period on growth and 
biomass allocation 
Seeds were sown on 17 November 1989 
(Experiment 2), 9 January 1990 (Experiment 
3) and 19 April 1991 (Experiment 4). Only 
three fruits per plant were allowed to grow. 
The treatments were initiated 48 days after 
sowing: three different irradiances were ap-
plied by shading the plants with cheese cloth 
as described above. At the same time the tem-
perature was changed from 22°C to 17°C or 
27°C. In each experiment 12 plants were har-
vested at the start of the treatments; the dry 
weight of the above-ground vegetative plant 
parts was 51.8±5.5 g per plant and that of the 
fruits was 10.1±2.8 g per plant (means ± SE). 
Four days later all remaining plants were har-
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vested. Plant and fruit growth were calculated 
as the difference in weights of plants har-
vested before and after the treatment period of 
four days. As the effects of irradiance on 
growth and biomass allocation showed the 
same trends at both temperatures (no signifi-
cant interaction at the 5% level) and in all 
three experiments, the results were averaged 
over the two temperatures and three experi-
ments. The effects of temperature are de-
scribed elsewhere (Chapter 2.1.2). 
The treatments were arranged in a split-
plot design with temperature at the whole-plot 
level and irradiance at the sub-plot level. 
During the treatment periods (four days) the 
average total solar radiation inside the glass-
house was 2.62MJnr2d-1 and the average 
daily supplementary photosynthetic active ra-
diation (PAR) was 1.99 MJm^d"1 for the 
unshaded plants. More details about climate 
data and experimental set-up are given else-
where (Chapter 2.1.2: Experiments 3,4, 5). 
Results and discussion 
Plant growth and biomass allocation 
Shading cucumber plants during an extended 
period retarded anthesis of the first flowers 
from 36 days after sowing at the 100% irradi-
ance level to 41 and 46 days after sowing at 
the 50% and the 30% irradiance level, respec-
tively. Shading the plants reduced total plant 
fresh and dry weight as well as the fresh and 
dry weight distribution to the fruits, resulting 
in a strong decrease in fruit fresh and dry 
weight (Table 1). The average fruit load 
(number of fruits growing at the same time on 
a plant) decreased at decreasing irradiance 
(Table 1). 
When plants of identical size and with a 
fixed number of three fruits per plant were 
shaded for four days, the plant fresh and dry 
weight production decreased (Table 2). The 
fresh and dry weight distribution to the fruits, 
however, was not affected significantly (Table 
2). 
The dry matter distribution to the fruits 
increased at increasing irradiance only when 
plants were grown over an extended period at 
higher irradiance, which is why Liebig (1978) 
and Marcelis (Chapter 2.1.1) did not find a 
clear correlation between weekly or daily ir-
radiance sums and dry matter distribution. As 
the dry matter distribution to the fruits in-
creases at increasing fruit load (Chapter 
TABLE 1. Effects of irradiance on the average number of fruits growing at the same time on the plant, the 
fresh and dry weights of the total plant (including the fruits) and fruits, and the ratio of fruit to total plant 




















































100% = 4.94 MJ nr2 d1 total solar radiation inside glasshouse 
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TABLE 2. Effects of irradiance over a four-day period on the increase in fresh and dry weight of the total 
above-ground plant parts (including the fruits) and fruits, and the ratio of fruit to total plant weight 
increase. The treatments started 48 days after sowing. Each plant had three fruits (10.1 g fruit dry weight 
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 100% = 2.55 MJ m"2 d"1 total solar radiation and 1.99 MJ m"2 d"1 supplementary PAR inside 
glasshouse 
2.1.2), the positive effects of high irradiance 
on dry matter distribution can probably pri-
marily be ascribed to the higher fruit load. 
Indeed, the relationship between the average 
number of fruits on a plant and the biomass 
distribution (Table 1) agreed fairly well with 
the relationship reported by Marcelis (Chapter 
2.1.2: Table 2) for plants grown under equal 
irradiance conditions. A substantial increase in 
fruit load can only be expected after an ex-
tended period (at least several days or a week) 
of high irradiance because new fruit set needs 
to occur. Therefore, positive effects of a high 
irradiance on the biomass allocation to the 
fruits can only be observed after an extended 
period of high irradiance. It is not likely that 
differences in size or developmental stage of 
the plants were responsible for the long-term 
effects of irradiance on dry matter distribu-
tion, because the cumulative dry matter distri-
bution does not change greatly between 34 
days (at which time the plants at the 30% ir-
radiance level were harvested) and 44 days (at 
which time the unshaded plants were har-
vested) after anthesis of the first flower 
(Chapter 2.1.1) and is not noticeably affected 
by the size of a plant (Chapter 2.1.2). Widders 
& Price (1989) reported for cucumber and 
Papadopoulos & Ormrod (1990) for tomato 
that the dry matter distribution to the fruits 
increased with increased plant spacing. 
Probably these effects can be ascribed to ef-
fects of an increase in light interception per 
plant, which agrees with our results. 
However, Cockshull et al. (1992) reduced 
solar radiation incident on tomato plants by 
23% and Egli (1988) on soybean plants by 
63% and neither found any noticeable effects 
of irradiance on the dry matter distribution to 
the fruits, although the number of fruits de-
creased. In tomato plants with a fixed number 
of fruits per plant, Yoshioka & Takahashi 
(1979a; 1981) found that the distribution of 
14C and dry matter to the fruits decreased at 
increasing irradiance, but we did not observe a 
significant effect of irradiance on dry matter 
distribution in cucumber when the number of 
fruits per plant was kept constant. 
From our results it can be concluded that 
differences in source strength per se, as cre-
ated by shading plants, have only a limited ef-
fect on the biomass distribution. However, the 
source strength influences the number of sinks 
on a plant (i.e. the sink capacity of the plant) 
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TABLE 3. Effects of irradiance on the growing period from anthesis until harvest, the harvest weight and 









































100% = 4.94 MJ nr2 d"1 total solar radiation inside glasshouse 
and, therefore, indirectly influences the 
biomass distribution, although after a lag 
phase. This conclusion is in agreement with 
the view being proposed by Farrar & Williams 
(1991) on coarse control of biomass partition-
ing. 
Growth of individual fruits 
The average growth rate of individual fruits 
increased with increasing irradiance resulting 
in a shorter growing period from anthesis until 
harvest of a fruit (Table 3). The positive ef-
fects of irradiance on dry weight growth were 
larger than those on fresh weight growth. 
The increase in growth rate of individual 
fruits in combination with an increase in num-
ber of fruits growing at the same time on a 
plant led to the increase in fruit production at 
increasing irradiance. 
Dry-matter percentage 
The percentage dry-matter of both the fruits 
and the vegetative plant parts increased at in-
creasing irradiance (Table 4). The increase in 
dry-matter percentage of the fruits and vege-
tative plant parts at increasing irradiance 
might indicate an increase in the level of as-
similate reserves. In tomato and chrysanthe-
mum the dry-matter percentage also increases 
at increasing irradiance (Verkerk 1955; 
Hughes & Cockshull 1971). The higher dry-
matter percentage of harvested fruits at high 
irradiance could be the result of both an in-
creased assimilate supply and an earlier har-
vest date (decreased growing period) of indi-
vidual fruits (Chapter 4.1). The increase in 
dry-matter percentage of the fruits at increas-
ing irradiance means that the increase in fresh 
weight production of the fruits was less than 
proportional to the increase in dry weight 
production at increasing irradiance. 
TABLE 4. Effects of irradiance on the dry-matter 
percentage (% of fresh weight) of the fruits and the 
vegetative plant parts. Plants were harvested 80 
days after sowing. Data are means of 9 replicate 




















 100% = 4.94 MJ nv2 d"1 total solar radiation 
inside glasshouse 
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2.1.4. Dry matter partitioning into the fruits: 
General discussion and conclusions 
The individual fruits of a plant competed 
strongly with each other and with the vegeta-
tive parts for the available assimilates. During 
a growing season the fraction of dry matter 
partitioned into the fruits changed cyclically 
between 40 and 90%. Changes in dry matter 
partitioning were not always related to 
changes in growing conditions, indicating an 
internal regulation. Dry matter partitioning 
appeared to be primarily regulated by the 
sinks. As the fruits appeared to be the major 
sinks, the dry matter partitioning correlated 
with the fruit load (number and weight of 
fruits on a plant). Changes in source strength 
per se as imposed by irradiance, had only a 
limited effect on dry matter partitioning into 
fruits. However, source strength influenced 
the number of sinks (fruits) on a plant and, 
therefore, indirectly influenced the dry matter 
partitioning, although after a lag phase. 
When sufficient assimilates are available 
(e.g. at a low fruit load or high irradiance) 
many young fruits start growing. The fruit 
load and the partitioning into these fruits in-
creases rapidly (Fig. 1). At the same time, 
fewer assimilates are available for additional 
young fruits resulting in a high abortion per-
centage. After some fruits are harvested, the 
fruit load and the partitioning into the fruits 
will be low. Then this cyclic process of fruit 
low ; few assimilates 
fruit • partitioned 
load \ into fruits 
many assimilates • high 
partitioned • fruit 
into fruits / load 
FIG. 1. Schematic representation of the cyclic process of fruit load and dry matter partitioning between 
fruits and vegetative plant parts. 
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load and dry matter partitioning can start 
again. Fluctuations in source strength, as a re-
sult of for instance changes in irradiance, may 
synchronize the cycles of the individual plants. 
At a high source strength a large number of 
young fruits start growing in all plants and 
vice versa. 
The growth rate, growing period and dry 
matter percentage of the individual fruits were 
strongly affected by changes in source and 
sink strength. These effects at the level of in-
dividual fruits are dealt with in more detail in 
Chapter 4. 
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2.2. Dry matter partitioning into the vegetative plant 
parts as influenced by fruit growth, temperature 
and irradiance 
Marcelis, L.F.M., 1994. Effect of fruit growth, temperature and irradiance on biomass 
allocation to the vegetative parts of cucumber. Netherlands Journal of Agricultural Science 42: 
115-123. 
Abstract. Cucumber plants were grown at 18 or 25°C with four intensities of fruit removal or at 
three different levels of irradiance in order to analyse the effects of fruit growth, temperature and 
irradiance on the dry matter allocation to leaves, stems, petioles and roots. With increasing 
irradiance the dry weight of the vegetative part of the shoot increased, but the proportion of the 
total dry matter distributed to this part decreased. An increase in irradiance enhanced stem dry 
matter production less than leaf and petiole dry matter production which was in turn less 
stimulated than root dry matter production. In fruit bearing plants an increase in temperature had 
no effect on the dry matter allocation to the leaves, stems and petioles, but reduced the 
allocation to the roots. Fruit growth strongly reduced dry matter production of all vegetative 
plant parts, but the distribution between stems, leaves and petioles was only slightly affected. At 
25 °C the dry matter distribution between the roots and the vegetative part of the shoot was not 
affected by fruit growth but at 18°C the weight ratio of root to vegetative shoot part decreased 
with increasing number of fruits on the plant. 
The biomass allocation between roots and shoot is discussed in relation to the functional 
equilibrium concept. 
Introduction 
The root-shoot ratio is often believed to be 
determined by a functional equilibrium be-
tween the activities of the shoot and the root 
(Brouwer 1963). The main activities of the 
root are water and nutrient uptake while the 
main activity of the shoot is photosynthesis. 
Constant ratios between the weights of root 
and shoot have often been interpreted as being 
the result of a functional equilibrium 
(Brouwer 1962; Hurd et al. 1979; Nielsen & 
Veierskov 1988). Once a plant enters the re-
productive stage, it is not clear whether the 
total shoot or only the vegetative part of the 
shoot is involved in the functional equilibrium 
(Hurd et al. 1979; Nielsen & Veierskov 
1988). 
Most information on biomass allocation 
among vegetative organs has been obtained 
from experiments with young vegetative 
plants. The number of experiments with fruit-
ing plants is limited. Although it is well known 
that fruit growth reduces the vegetative 
growth rate of plants (Wardlaw 1990), the 
experimental results about the effects of fruit 
growth on the biomass allocation among the 
vegetative organs are contradictory (Claussen 
1976; Heim et al. 1979; Hurd et al. 1979; 
Pharr et al. 1985; Nielsen & Veierskov 1988). 
In fruiting cucumber plants the dry matter 
distribution among individual fruits and be-
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tween the fruits and the rest of the plant 
strongly depends on fruit load, temperature 
and irradiance (Chapters 2.1.2, 2.1.3). 
However, their effects on the biomass alloca-
tion among the vegetative organs (stems, 
leaves, petioles and roots) have not been ex-
amined. In this paper the effects of fruit 
growth, temperature and irradiance on the dry 
matter allocation to leaves, stems, petioles and 
roots in cucumber are analysed. 
Materials and methods 
In all experiments seeds of cucumber 
{Cucumis sativus L. cv. Corona) were ger-
minated in moist perlite in the dark at 30°C. 
After three days, seedlings were transferred to 
an aerated modified Hoagland solution 
(Steiner 1984) in an air-conditioned glass-
house. Leaves were removed when they were 
entirely shaded by adjacent leaves or when 
they started yellowing (5-7% of the final leaf 
dry weight was removed before the end of the 
experiments). A fruit was harvested when its 
estimated fresh weight exceeded 350-400 g 
(Experiment 1) or 400-450 g (Experiment 2) 
or when its fresh weight increase was esti-
mated to be less than 0.1 g in three days for 
fruits younger than 10 days, or less than 10 g 
in three days for fruits older than 10 days. The 
fresh weight of the fruits was estimated from 
measurements of length and circumference, as 
described elsewhere (Chapter 4.1). 
At the end of the experiments cumulative 
leaf area and cumulative dry weights (after 
drying at 100°C for 48 h) of the roots, stems, 
leaves, petioles and fruits were determined, 
including all plant parts removed previously. 
The data were analysed by analysis of variance 
and least significant differences were calcu-
lated according to Student's t-test. 
Temperature, CO2 concentration and total 
solar radiation inside the glasshouse (above 
the canopy) were measured every minute by a 
shielded PT-100 sensor, an infra-red gas ana-
lyser (BINOS, Leybold-Heraeus) and a ther-
mopile (Kipp and Zonen), respectively. The 
air humidity was measured by a thermohy-
grometer. 
Experiment 1: Effects of irradiance on 
biomass allocation 
Seeds were sown on 25 June 1990. From 18 
days after sowing, plants were grown at three 
different levels of irradiance by shading the 
plants over the tops and along the sides with 
none, a single or a double layer of cheese 
cloth (transmittance 100, 50 and 30%, re-
spectively). 
The main stem of the plants was topped at 
a height of approximately 1.75 m. All but the 
two uppermost side shoots of the main stem 
were removed. Branching of the side shoots 
was not restricted. In accordance with com-
mercial practice forty per cent of the flowers 
on the main stem were allowed to remain on 
the plant. The number of fruits on the side 
stems was not restricted manually. 
The treatments were arranged in a ran-
domized block design. The experiment was 
carried out in four identical glasshouse com-
partments. In each compartment plants were 
grown in three rows of three plants. The same 
level of shading was applied to all three plants 
in a row. The plants in one glasshouse com-
partment were harvested 31 days after sow-
ing. The plants in the other three compart-
ments, representing three blocks, were har-
vested 80 days after sowing. 
The average temperature was 24.5°C 
(24.7/24.2°C day/night). Measurements by 
thermocouples indicated that shading affected 
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the temperature less than 0.5CC. The average 
total solar radiation inside the glasshouse was 
4.94MJnr2d"1 for the unshaded plants, the 
average relative air humidity was 75% and 
during day time the average CO2 concentra-
tion was 403 vpm. 
Experiment 2: Effects of number of fruits and 
temperature on biomass allocation 
The experiment was repeated in two con-
secutive periods. Seeds were sown on 28 
March 1989 and 14 July 1989. From 14 days 
after sowing, plants were grown at 18 or 
25°C. Four intensities of fruit removal were 
maintained: one fruit left per leaf axil, one 
fruit left per three leaf axils, one fruit left per 
six leaf axils, or all fruits removed. The fruit 
number was imposed by removing the ovaries 
daily. In all treatments no fruits were allowed 
to grow in the five lowermost leaf axils. The 
main stem of the plants was topped at a height 
of approximately 1.75 m. All but the two up-
permost side shoots of the main stem were 
removed. The side shoots of the two shoots 
retained were also removed. 
The treatments were arranged in a split-
plot design with temperature at the whole-plot 
level and number of fruits at the sub-plot 
level. For plants of the first sowing date the 
low and the high temperature were random-
ized over two identical glasshouse compart-
ments. For plants of the second sowing date 
the assignment of the low and high tempera-
ture to the compartments was changed. In 
each compartment plants were grown in three 
rows of four plants. Each row represented a 
block. Per block each plant had another 
sub-plot treatment (number of fruits). All 
plants of one temperature treatment were 
harvested at the same time when they had 
produced on average about 60 leaves (95 days 
after sowing at 18°C and 68 days at 25°C). 
At the 18 and 25°C temperature treatments 
the actual average temperature was 17.5 
(19.2/14.6°C day/night) and 24.6°C (26.2/ 
21.7°C day/night), respectively; the average 
total solar radiation inside the glasshouse was 
5.70 and 6.11 MJ m~2 cH, respectively; during 
day time the average CO2 concentration was 
382 and 388 vpm, respectively, and in both 
treatments the average relative air humidity 
was 75%. 
Results and discussion 
Allocation to the vegetative parts of the shoot 
The dry matter allocation to the vegetative 
part of the shoot (the ratio of the vegetative 
shoot part to total plant weight) decreased 
with increasing irradiance (Table 1). 
However, the absolute dry weight of this 
vegetative part increased because of an in-
crease in total plant dry matter production. 
Among the vegetative parts of the shoot the 
dry matter distribution to the stems decreased 
with increasing irradiance in favour of leaves 
and petioles (Table 1). Harssema (1977) and 
Nilwik (1981) observed also an increase in the 
ratio of leaf to plant weight at high irradiance 
levels in young tomato and sweet pepper 
plants, which is a general response of shade 
avoiding plants to irradiance (Smith 1981). 
However, Horie et al. (1979) found no ap-
preciable effects of irradiance on the dry mat-
ter distribution between leaves and stem of 
young cucumber plants. 
From 31 days after sowing the dry matter 
distribution among leaves, petioles and stems 
remained almost constant with time as indi-
cated by a comparison between the data of the 
final harvest at 80 days after sowing (Table 1) 
and the data of plants harvested 31 days after 
sowing. At 31 days after sowing total plant 
41 
Chapter 2.2 
TABLE 1. Effects of irradiance on the dry weights of the total plant3 and the vegetative shoot partb, the 
ratio of vegetative shoot part to total plant dry weight and the ratios of stem, leaf and petiole to dry weight 
of the vegetative shoot part. Plants were harvested 80 days after sowing. Data are means of 9 replicate 








































 Total plant represents stems + leaves + petioles + roots + fruits 
b
 Vegetative shoot part represents stems + leaves + petioles 
c
 100% = 4.94 MJ m"2 d"1 total solar radiation inside glasshouse 
dry weight was 7 g per plant and the relative 
weights of stem:leaf:petiole were 30:58:11 at 
the 30% irradiance level; at the 100% irradi-
ance level the equivalent figures were 25 g per 
plant and 22:64:14 (data are means of 3 repli-
cate plants). In accordance with our results 
Schapendonk and Brouwer (1984) observed 
that the ratio between the weights of leaf and 
stem of fruiting cucumber plants was almost 
constant with time. In contrast to older plants, 
in young cucumber plants the leaf to stem 
weight ratio (after an initial increase) de-
creases with plant size (Horie et al. 1979). 
As long as some fruits were present on the 
plant, the dry matter allocation to the vegeta-
tive part of the shoot (the ratio of the vegeta-
tive shoot part to total plant weight) was not 
affected by temperature (Table 2). However, 
when all fruits were removed, the dry matter 
distribution to the vegetative part of the shoot 
was greater at 25 than at 18°C. The dry mat-
ter distribution among the vegetative parts of 
the shoot (stems, petioles and leaves) was not 
affected by temperature (Table 2) which is in 
accordance with data on dry matter distribu-
tion between stem and leaves in fruiting sweet 
pepper plants (Bhatt & Srinivasa Rao 1989). 
In young vegetative plants the dry matter 
distribution to the leaves is often insensitive to 
temperature (Warren Wilson 1966; Harssema 
1977). However, Nilwik (1981) and 
Kleinendorst & Veen (1983) reported for re-
spectively young sweet pepper and young cu-
cumber plants that with increasing tempera-
ture the dry matter distribution to the leaves 
decreased in favour of the stem. The effects 
reported by Kleinendorst & Veen (1983) 
should probably at least partly be ascribed to 
ontogenetic effects because the leaf to stem 
weight ratio changes with plant size in young 
cucumber plants, as discussed before. 
Although the dry matter production of the 
vegetative parts of the shoot strongly dimin-
ished with increasing number of fruits per 
plant, the dry matter allocation between 
stems, leaves and petioles was only slightly 
affected (Table 2). With increasing number of 
fruits, the weight ratio of leaf to vegetative 
shoot part increased slightly at the expense of 
the weight ratio of petiole to vegetative shoot 
part and at 25°C also at the expense of the 
weight ratio of stem to vegetative shoot part 
(Table 2). In pepper and apple, the ratio of 
leaf to stem weight also increased with in-
creasing fruit growth (Hall 1977; Heim et al. 
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TABLE 2. Effects of temperature and number of fruits retained on the dry weights of the total plant3 and 
the vegetative shoot partb, the ratio of vegetative shoot part to total plant dry weight and the ratios of 
stem, leaf and petiole to dry weight of the vegetative shoot part. All plants of one temperature treatment 
were harvested when they had on average about 60 leaves. Data are means of 6 replicate plants 
(Experiment 2). 
Temperature No. of fruits Total plant Shoot Shoot/plant Stem/shoot Leaf/shoot Petiole/shoot 















































































 Total plant represents stems + leaves + petioles + roots + fruits 
b
 Vegetative shoot part represents stems + leaves + petioles 
c
 x/y: x fruits per y leaves 
d
 LSD: Least significant differences between treatment combinations of temperature and fruit number 
1979; Nielsen & Veierskov 1988). As we 
measured only a very small effect of fruit 
growth on the weight ratio between leaves, 
stems and petioles, in cucumber the fruits 
seem to compete with the vegetative part of 
the shoot (stems, leaves and petioles) almost 
as an entity. 
Allocation to the roots 
Dry weight of the roots was relatively more 
stimulated by high irradiance than that of the 
vegetative shoot part (Tables 1 and 3). The 
ratio of root dry weight to total plant dry 
weight increased slightly with increasing ir-
radiance. The weight of the roots per leaf area 
also increased with increasing irradiance. 
An increase in the dry matter distribution 
to the roots with increasing irradiance has 
been observed in many plant species (Brouwer 
1962). This phenomenon has often been ex-
plained by a functional equilibrium. With in-
creasing irradiance the specific activity 
(activity divided by weight) of the shoot in-
creases while the specific root activity remains 
constant. As a consequence, when the ratio 
between the total activities of the shoot and 
the roots has to remain constant, the ratio of 
shoot to root weight has to decrease. 
Like the distribution among leaves, petioles 
and stems, the distribution between roots and 
vegetative part of the shoot remained constant 
with time (from 31 until 80 days after 
sowing): 31 days after sowing the ratio be-
tween the weight of roots and all vegetative 
plant parts was 0.047 and 0.077 at the 30 and 
100% irradiance level, respectively (data are 
means of 3 replicate plants); which values are 
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TABLE 3. Effects of irradiance on the dry weight of the roots, the ratios of root dry weight to total plant 
dry weighta, to total dry weight of the vegetative partsb and to leaf area. Plants were harvested 80 days 
































 Total plant represents stems + leaves + petioles + roots + fruits 
b
 Vegetative parts represent stems + leaves + petioles + roots 
c
 100% = 4.94 MJ nr2 d"1 total solar radiation inside glasshouse 
close to those given in Table 3. This observa-
tion that the dry matter distribution among the 
vegetative organs is more or less constant 
with time in older cucumber plants corrobo-
rates the data of Schapendonk & Brouwer 
(1984). 
At 25°C the dry matter allocation to the 
roots (the ratio of root to total plant weight) 
was much lower than at 18°C (Table 4). 
Consequently, when all fruits were removed, 
the dry matter distribution to the vegetative 
part of the shoot increased with increasing 
temperature (Table 2). In fruit bearing plants 
the decrease in the dry matter distribution to 
the roots was not accompanied by an increase 
in the distribution to the vegetative part of the 
shoot (Table 2), but the distribution to the 
fruits increased with increasing temperature 
(Chapter 2.1.2). When the number of fruits 
growing at the same time on a plant was kept 
constant, the dry matter distribution to the 
vegetative shoot part even decreased with 
increasing temperature (Chapter 2.1.2). 
The ratio between root weight and leaf 
area was also lower at 25 than at 18°C (Table 
4). If there was an equilibrium between the 
activities of root and shoot, the optimum tem-
perature for the specific rate of root function-
ing has to be higher than the optimum tem-
perature for the specific rate of shoot func-
tioning. However, from the results it could 
also be concluded that the optimum tempera-
ture for root growth (dry weight accretion of 
the roots) is lower than the optimum tempera-
ture for shoot growth, which agrees with re-
sults obtained by Kleinendorst & Veen 
(1983). Obviously, the optimum temperature 
for root growth and/or functioning differs 
from the optimum temperature for shoot 
growth and/or functioning. 
The dry matter distribution to the roots 
was greatly reduced by an increase in the 
number of fruits per plant (Table 4). At 18CC 
the ratio of the root to the total weight of all 
vegetative plant parts (including roots) de-
creased with increasing fruit number, but at 
25 °C this ratio was not affected by the num-
ber of fruits. 
Fruit growth has been reported to reduce 
the growth of the roots to a greater extent 
than growth of other plant organs in several 
species (Claussen 1976; Heim et al. 1979; 
Pharr et al. 1985). However, Hurd et al. 
(1979) reported for tomato that on the long 
term fruit growth reduced growth of the roots 
and the vegetative shoot part to the same ex-
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TABLE 4. Effects of temperature and number of fruits retained on the dry weight of the roots, the ratios of 
root dry weight to total plant dry weight1*, to total dry weight of the vegetative partsb and to leaf area. All 
plants of one temperature treatment were harvested when they had on average about 60 leaves. Data are 







































































 Total plant represents stems + leaves + petioles + roots + fruits 
b
 Vegetative parts represent stems + leaves + petioles + roots 
c
 x/y: x fruits per y leaves 
d
 LSD: Least significant differences between treatment combinations of temperature and fruit number 
tent. In addition, Nielsen & Veierskov (1988) 
found that a decrease in the weight ratio of 
root to vegetative shoot part coincided with 
the onset of fruiting in pepper, but this ratio 
decreased to the same extent when all flowers 
were removed. Our experiments indicate that 
temperature influences the effects of fruit 
growth on the biomass distribution between 
roots and the vegetative part of the shoot. 
This might explain why the results reported in 
the literature are contradictory whether or not 
fruit growth affects the biomass allocation be-
tween roots and the vegetative part of the 
shoot. As the weight of the roots relative to 
that of the total plant was much smaller at 
25°C than at 18°C, at 25°C in contrast to 
18°C root growth and/or functioning might 
have limited plant growth. A constant ratio 
between the weights of root and shoot may 
only be expected when the roots are limiting 
plant growth. This explanation fully agrees 
with the functional equilibrium concept 
(Brouwer 1963). Shoot activity is generally 
more closely related to leaf area than to shoot 
weight, but an analysis based on leaf area re-
sulted in the same conclusions as on a weight 
basis. The fruits might have a function in es-
tablishing a functional equilibrium. As the 
fruits contain a large amount of water, they 
possibly have a role as a buffer for the relative 
water content of the plant. Finally it should be 
concluded that a functional equilibrium theory 
based on weight ratios cannot explain all our 
results. Maybe it can only predict a minimum 
amount of root mass needed for cucumber 
growing on nutrient solution. In contrast to a 
low temperature (18°C), at a high temperature 
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(25°C), the actual root mass could be close to 
the minimum mass needed. 
Conclusions 
Fruit load, temperature and irradiance all had 
a great effect on the biomass allocation to the 
vegetative plant parts of cucumber. Plants 
adapted to shade by an increase in the fraction 
of dry matter distributed to the vegetative 
parts of the shoot (especially to the stems), 
while the distribution to the roots decreased. 
In fruiting plants temperature affected the dry 
matter distribution to roots but had no great 
effect on the distribution to the vegetative 
parts of the shoot. Although fruit growth 
greatly reduced dry matter production of the 
stems, petioles and leaves, the fruits seem to 
compete with the vegetative part of the shoot 
(stems, petioles and leaves) almost as an en-
tity. The effect of fruit growth on the dry 
matter distribution between roots and vegeta-
tive part of the shoot was dependent on the 
temperature. Although most of the results on 
dry matter distribution to the roots could be 
explained by a functional equilibrium theory 
based on weight ratios, this theory could not 
explain all our results. Maybe it can only pre-
dict a minimum amount of root mass needed 
for cucumber growing on nutrient solution. 
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3. Effect of sink demand on photosynthesis 
Marcelis, L.F.M., 1991. Effects of sink demand on photosynthesis in cucumber. Journal of 
Experimental Botany 42:1387-1392. 
Abstract. In Cucumis sativus L. net photosynthesis of leaf number 12 increased until 12 days 
after its unfolding and then decreased gradually. 
Sink demand was varied by imposing the number of fruits per plant without changing the number 
of leaves per plant. Net leaf photosynthesis did not respond to sink demand during the first 16 
days of fruit growth. Subsequently, a substantial reduction in photosynthesis was found only 
when all fruits were removed. This reduction was accompanied by a decrease in the rate of 
transpiration, indicating a higher stomatal resistance. 
Neither starch nor mono- and disaccharides accumulated noticeably at reduced sink demand, 
suggesting that there was no end-product inhibition of photosynthesis. 
Dry matter content of the leaves increased and specific leaf area decreased when sink demand 
was reduced. 
When modelling cucumber production, effects of sink demand on leaf photosynthesis can be 
ignored. 
Introduction 
Leaf photosynthesis strongly depends on envi-
ronmental conditions such as radiation, CO2 
concentration and temperature. In addition to 
these environmental conditions photosynthesis 
is subject to internal regulation, for example 
associated with leaf ontogeny or sink demand 
for assimilates. In many investigations leaf 
photosynthesis was found to respond posi-
tively to increased demand for photosynthates 
or vice versa (see reviews by Neales & Incoll 
1968; Geiger 1976; Guinn & Mauney 1980; 
Gifford & Evans 1981). 
The long-stated theory that a low sink-
source ratio reduces photosynthesis by an ac-
cumulation of end-products of photosynthesis 
remains questionable (Geiger 1976; Gifford & 
Evans 1981). Sink-source effects on photo-
synthesis are probably being regulated by sev-
eral mechanisms. Low sink-source ratios can 
induce high concentrations of carbohydrates. 
Accumulation of sugars can inhibit photosyn-
thesis by inducing phosphate deficiency or a 
high concentration of triose-phosphate in the 
leaf, which may inhibit RuDP-carboxylase ac-
tivity (Guinn & Mauney 1980; Herold 1980). 
High photorespiration rates are observed in 
plants with low sink-source ratios, which is 
possibly the result of accumulated ribulose-
phosphates (Lenz 1979). High assimilate con-
centrations in leaves may reduce stomatal ap-
erture (Lenz 1979). Accumulated starch can 
bind Mg2+ ions, interfere with light trans-
mission, increase distance for CO2 diffusion 
(mesophyl conductance) and physically dam-
age chloroplasts (Guinn & Mauney 1980). 
Sink-source ratios can also affect the hormone 
balance: GA and cytokinins can stimulate pho-
tosynthesis via a general stimulation of en-
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zyme synthesis and IAA can also stimulate 
photosynthesis. ABA and phaseic acid can 
inhibit photosynthesis via stomatal closure 
(Guinn & Mauney 1980). In the same plant, 
photosynthesis might be regulated both by 
end-product inhibition and by hormonal con-
trol, either independently or as primary and 
secondary events (Guinn & Mauney 1980). 
There is a long list of experiments in which 
a positive correlation between sink demand 
and photosynthesis was found, but in some 
experiments no effects or even negative ef-
fects of photosynthate demand on photosyn-
thesis have been reported (Geiger 1976). 
Plaut et al. (1987) showed that even when 
experimental plants were grown under identi-
cal environmental conditions the response to 
sink manipulations varied between species. 
In greenhouse cucumber, sink demand for 
assimilates changes dynamically because peri-
ods when many fruits are growing continu-
ously alternate with periods when few fruits 
are growing (Liebig 1978; Chapter 2.1.1). As 
a result, Schapendonk & Brouwer (1984) 
found that periods of apparent assimilate de-
ficiency were followed by periods of apparent 
assimilate surplus. Because of this varying 
sink demand it is of special interest to study 
whether or not cucumber photosynthesis re-
sponds to sink demand. A quantification of 
these effects is also necessary when modelling 
greenhouse crop production. 
In this paper, the effects of the number of 
fruits per cucumber plant on photosynthesis, 
transpiration and carbohydrate contents are 
reported. 
Materials and methods 
Cucumber plants {Cucumis sativus L., cv. 
Corona) were grown on an aerated modified 
Hoagland solution (Steiner 1984) in a climate 
chamber illuminated by high pressure sodium 
lamps (Philips SON-T 400W) for 14 h per 
day. Photosynthetically active radiation at the 
top of the plants was approximately 
700|imolnr2 s~l. The temperature during 
both day and night was maintained at 25 °C 
and relative humidity at about 80%. 
Two days after unfolding of the 12th leaf 
(8+1 cm long; 28 days after sowing), the 
plants were topped above this leaf. At that 
time the dry weight was 29.3±1.9 g per plant. 
To achieve different sink demands, zero, one 
(leaf axil 9), three (axils 6,9,12), five (axils 6, 
8, 9, 10, 12) or seven fruits (axils 6-12; due to 
abortion on average 6.3 fruits per plant grew 
out) were left on the plants. The fruits in leaf 
axils 6 and 12 started flowering at six and ten 
days, respectively, after unfolding of the 12th 
leaf. All lateral branches and new fruits were 
continually removed and their dry weights re-
corded. The treatments were arranged in a 
completely randomized block design. The re-
sults were analysed by analysis of variance 
followed by Student's t-test (5%). The plants 
were grown in three rows of five plants. Each 
row represented a block. 
From flowering onwards, fresh weight 
growth of the fruits was estimated from daily 
measurements of length and circumference, as 
described in Chapter 4.1. 
The plants were harvested at the end of the 
dark period 33 days after topping (35 days af-
ter unfolding of the 12th leaf). Dry weights of 
the plants were determined after drying in an 
oven at 100°C for at least two days. Samples 
of all plant organs were dried at 70°C to de-
termine mono- and disaccharides (glucose, 
fructose and sucrose) and starch content. The 
mono- and disaccharides were extracted from 
the dried material in water. Glucose, fructose 
and sucrose were analysed by HPLC using a 
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Waters Sugar PAK column with water as elu-
tion solvent. To determine the starch content 
the dried material was dissolved in alcohol. 
The starch in the pellet was hydrolyzed by 
amyloglucosidase. Subsequently, glucose was 
analysed according to the micro method of 
Schaffer-Somogyi (Williams 1984). 
Leaf gas exchange was measured with a 
portable infra-red gas analyser (Analytical 
Development Corporation LCA-2), connected 
to a leaf chamber (PLC), an air supply unit 
(ASUM) and a data-logger (DL2). The leaf 
chamber, equipped with sensors for measuring 
temperature, relative humidity and irradiance, 
enclosed a leaf area of 2.5 x 2.5 cm2. The 
transmittance of the leaf chamber for photo-
synthetically active radiation was 85%. For 
each measurement the leaf was enclosed for 
50 s. Air was supplied from a cylinder 
(medical quality, 350 vpm C02) and pumped 
at a rate of 2.5-3.0 cm3 s_1 through the leaf 
chamber into the analyser. 
For the purpose of accuracy, gas exchange 
was measured at three places on the upper 
leaf (leaf number 12) of each plant. These 
measurements were carried out between four 
and seven hours after the start of the light pe-
riod. 
Results 
Increasing the number of fruits per plant en-
hanced the total fruit growth per plant. This 
effect was most pronounced at low fruit num-
bers and was diminished at high numbers (Fig. 
1). 
In all treatments the rate of net leaf photo-
synthesis of the upper leaf (leaf number 12) 
initially increased until 12 days after unfolding 










0 5 10 15 20 25 30 35 
days after unfolding of 12th leaf 
FIG. 1. The effect of the number of fruits per plant 
on cumulative total fruit fresh weight (A) and total 
fruit growth rate (B). One (•), 3 (A), 5 (A) or 7 
fruits (•) were retained per plant. 
Until 16 days after unfolding there was no 
effect of the number of fruits on net photosyn-
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days after unfolding 
FIG. 2. The effect of the number of fruits per plant 
on the net photosynthesis of the 12th leaf during its 
development. Zero (•) , 1 (D), 3 (A), 5 (A) or 7 
fruits (•) were retained per plant. Vertical bars 
represent standard errors of means. 
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number of fruits per plant 
FIG. 3. The effect of the number of fruits per plant 
on fruit dry weight ( • ) and plant dry weight ( H) 
(including the fruits), 35 days after unfolding of 
the 12th leaf. Vertical bars represent standard 
errors of means. 
tinctly. From 20 days after unfolding, plants 
without fruits showed a significantly lower net 
photosynthesis than plants with fruits. From 
30 days onwards, net photosynthesis of plants 
with one fruit tended to be a little lower than 
that of plants with three fruits which in turn 
tended to be a little lower than that of plants 
with five or seven fruits (not significant). Al-
though photosynthesis of the lower leaves was 
difficult to measure reproducibly because of 
shading by upper leaves, the ninth leaf seemed 
to respond in a similar way to sink demand as 
the upper leaf (data not shown). 
Removal of all fruits significantly reduced 
the final plant dry weights (Fig. 3). Also the 
dry weights of plants with one fruit seemed to 
be slightly lower than those of plants with 
more fruits, but this effect was not significant. 
The partitioning of dry matter into the fruits 
degressively increased with increasing number 
of fruits, while the difference between plants 
bearing five and seven fruits was no longer 
significant (the ratio between fruit dry weight 
and plant dry weight was 0.00, 0.37, 0.50, 
0.54 and 0.55 for plants with 0, 1, 3, 5, and 7 
fruits, respectively). 
The transpiration rate of the upper leaf 
showed a similar pattern during leaf develop-
ment as net photosynthesis (Fig. 4). However, 
maximum transpiration was reached a few 
days sooner than the maximum net photosyn-
thesis. The effect of sink demand on transpi-
ration was similar to the effect on net photo-
synthesis, but the effect on transpiration was 
evident a few days earlier. 
In plants where all the fruits had been re-
moved, specific leaf area (SLA) decreased and 
the dry matter content of the 12th leaf in-
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0 5 10 15 20 25 30 35 
days after unfolding 
FIG. 4. The effect of the number of fruits per plant 
on transpiration of the 12th leaf during its devel-
opment. Zero (•), 1 (D), 3 (A), 5 (A) or 7 fruits 
(•) were retained per plant. Vertical bars 
represent standard errors of means. 
creased significantly (Table 1). Also, for 
plants with one fruit the SLA seemed to be 
lower and the dry matter content higher, com-
pared to plants with more fruits (not signifi-
cant). The number of fruits did not clearly af-
fect the mono- and disaccharides and starch 
contents of the upper leaves in the morning 
(Table 1) or of other plant organs (data not 
shown). 
Discussion 
Although photosynthesis was measured only 
on the upper leaves of the plants and only at a 
given moment once a day, the effect of the 
number of fruits on final plant dry weights 
was similar to the effect on leaf photosynthe-
sis. This indicates that the measurements of 
photosynthesis reflected the behaviour of total 
plant photosynthesis during the experiment. 
Since the dry matter partitioning into the 
fruits increased greatly when the number of 
fruits increased from zero to three but only 
slightly increased when the number of fruits 
increased from three to seven, the most pro-
nounced effects of sink demand are to be ex-
pected when plants bearing zero, one and 
three or more fruits are compared. Not until 
the time that fruit growth rates had reached 
their maximum values, did photosynthesis 
start to respond to fruit growth. There was a 
substantial reduction in photosynthesis when 
all the fruits had been removed, but limiting 
the fruit number to one per plant had only a 
TABLE 1. The effect of the number of fruits on specific leaf area (SLA) and dry matter, mono- and 














































slight and insignificant effect on photosynthe-
sis. The net photosynthesis rates were compa-
rable to rates reported by others for cucumber 
(Plaut & Mayoral 1984; Pharr et al. 1985; 
Mayoral et al. 1985), but lower than rates re-
ported by Ramirez et al (1988b). As in many 
other crops (Geiger 1976) a reduction in fruit 
growth (sink demand) did not immediately af-
fect photosynthesis in cucumber. Mayoral et 
al. (1985) also showed that the removal of 
sinks had no short-term effect on photosyn-
thesis in cucumber. But three to five days af-
ter removal of all sinks they found a marked 
reduction in photosynthesis. Plaut & Mayoral 
(1984), Barrett & Amling (1978) and Pharr et 
al. (1985) measured photosynthesis 6, 7 and 
12 days, respectively, after removal of sinks 
and found a lower photosynthesis when sinks 
were removed. However, in our experiments 
sink demand did not affect photosynthesis 
during the first 16 days of fruit growth, which 
corresponds to the results of Ramirez et al. 
(1988b) on plants with higher photosynthesis 
rates. This indicates that the sink effects ob-
served in our experiments would not become 
more apparent at higher levels of photosyn-
thesis rates. 
If, due to phyllotaxy, the 12th leaf translo-
cated the majority of its assimilates to the fruit 
at axil 9, for instance, and only a small pro-
portion to other fruits, the removal of these 
other fruits might have a relatively limited ef-
fect on sink demand in the 12th leaf. However, 
Webb & Gorham (1964), Barrett & Amling 
(1978), Murakami et al. (1982), Schapendonk 
& Brouwer (1984) and Kanahama & Saito 
(1988) demonstrated for cucumber and other 
cucurbits that a leaf exports assimilates to all 
sink organs irrespective of its position on the 
plant. 
The initial increase in photosynthesis after 
unfolding of the leaves followed by a gradual 
decrease, is in agreement with results obtained 
by Horie (1978). The decrease in the rate of 
photosynthesis by fruit removal could be 
either a direct or an indirect effect because of 
accelerated senescence of leaves by removal 
of the fruits. Hall (1977) and Hall & Brady 
(1977) showed that leaf senescence in Cap-
sicum annuum was accelerated by fruit re-
moval and that leaf photosynthesis remained 
stable throughout the growth period of a fruit 
whereas in deflorated plants leaf photosyn-
thesis declined continuously. 
For practical cucumber crop cultivation, 
the effects of sink demand will be negligible 
because effects were only observed when 
there was no fruit growth at all for a pro-
longed period. Models simulating production 
can ignore this effect. 
Sink demand had a similar effect on tran-
spiration as on photosynthesis. Since all 
measuring conditions were kept constant, the 
decrease in transpiration rate after fruit re-
moval must be caused by decreased stomatal 
conductance. This is in contrast with the re-
sults of Mayoral et al. (1985) who observed 
reduced photosynthesis in cucumber with no 
effects on stomatal conductance. But in many 
other crops removal of fruits was found to re-
duce both stomatal conductance and photo-
synthesis (Kriedemann et al. 1976). It cannot 
be concluded with our results that the 
reduction in photosynthesis was caused by 
decreased stomatal conductance. The CO2 
concentration in the intercellular spaces might 
have been increased by a reduction in 
photosynthesis, which could cause a decrease 
in stomatal conductance (Raschke 1975). 
Since photosynthesis was only reduced 
markedly when all fruits were removed, pho-
tosynthesis may have been affected by a hor-
monal signal produced by the fruits. 
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Neither starch nor mono- and disaccharides 
accumulated in the morning by lowering the 
sink demand. The starch and mono- and di-
saccharides contents were low compared with 
the results obtained by Plaut & Mayoral 
(1984) and Plaut et al. (1987), who found an 
increase in starch and total sugar content 
when sinks were removed in cucumber. It 
should be noted that since we measured the 
contents of mono- and disaccharides and 
starch destructively, only values at the end of 
the experiment were available, namely at the 
end of the night 35 days after unfolding of the 
12th leaf. Measurements were carried out at 
the end of the night period because at that 
time the carbohydrate contents are less vari-
able with time (Challa 1976). Periodic deter-
minations of mono- and disaccharides and 
starch could provide more information. How-
ever, if there was an accumulation of carbo-
hydrates, this was especially to be expected at 
the end of the experiment after a long period 
of low sink demand. Pharr et al. (1985) who 
also took their measurements in the morning 
measured a starch content of about 40 mg g"1 
dry weight in fruiting cucumber plants which 
is in agreement with our data, but they re-
ported that this content increased to about 
200 mg g_1 when the fruits had been removed. 
Pharr et al. (1985) also found an increase in 
the galactinol content when fruits were 
removed, but they did not measure any 
increase in sucrose, stachyose or raffinose 
concentration. Their results suggest that cu-
cumber leaves respond to increased sink de-
mand by an increased photosynthetic rate as-
sociated with more rapid biosynthesis and ex-
port of stachyose, which is a major carbohy-
drate translocated (Pharr et al. 1985). For 
many crops an increase in the carbohydrate 
content is described when the sink demand is 
decreased and often an inhibition of photosyn-
thesis by end-products is suggested (Neales & 
Incoll 1968). However, in our experiments re-
duction in photosynthesis by lowering the sink 
demand did not seem to be the result of end-
product inhibition. 
Cucumber plants apparently adapt to a low 
sink demand by decreasing the SLA as found 
in other crops after removal of fruits (Starck 
1983; Schaffer et al. 1987). In our experi-
ments, this decrease in SLA was the result of 
a great increase in dry weight of the leaves 
while leaf area increased only slightly (data 
not shown). 
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4. Growth and development of individual fruits 
4.1. Non-destructive measurements and growth 
analysis of the fruit 
Marcelis, L.F.M., 1992. Non-destructive measurements and growth analysis of the cucumber fruit. 
Journal of Horticultural Science 67: 457-464. 
Abstract. Some simple and quick non-destructive methods were used to measure and describe 
the growth of a cucumber fruit. The most accurate estimate of the fresh weight of the fruit was 
its volume. Measurement of fruit length and circumference, however, provided a quicker and 
simpler estimation of fresh weight with a high degree of accuracy. The dry-matter percentage of 
a fruit could be estimated by a regression model with temperature sum, temperature and fruit 
size as input variables. Initially the dry-matter percentage decreased rapidly during fruit 
development; this decrease then slowed down and finally there was a slight increase in dry-
matter percentage. With the same temperature sum it was higher at 20°C than at 25 or 30°C. 
Moreover, increasing the number of competing fruits reduced growth in weight as well as dry-
matter percentage. The dry matter was distributed non-uniformly within a fruit; the dry-matter 
percentage was highest half-way along the fruit length. The dry-matter percentage of the green 
skin was higher than that of the placenta which was in turn higher than that of the flesh. Growth 
of the fruits could be described by a Richards function up to 25 days after flowering (at 20°C), 
well after normal harvest (17-22 d). The growth curve of fresh weight lagged about one day 
behind that of dry weight. The relative growth rate of fresh and dry weights increased during the 
first week after flowering (at 20°C) and then declined in a concave shape without a period of 
constancy. 
Introduction mining the quality of a fruit. The advantage of 
non-destructive measurements over destruc-
In cucumber, the fruits comprise about 60% tive measurements is that fewer plants are 
of the total plant dry weight produced or 80% necessary for measurements, which saves time 
of the fresh weight, although these percent- and space in climate chambers. One disadvan-
ages change cyclically (Chapter 2.1.1). To tage of non-destructive measurements is that 
study the dynamics of fruit growth it is highly growth parameters, such as fresh and dry 
desirable to have non-destructive measure- weights, are measured indirectly, 
ments which allow repeated measurements of The growth of fruits can be studied non-
the same fruit. Size, shape and dry-matter destructively by manual or automatic meas-
percentage are also important factors deter- urements of diameter (or circumference) 
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and/or length (Higgs & Jones 1984), by pho-
tographic analysis (Erickson 1976; Wehner & 
Saltveit 1983), or by determining the volume. 
The volume of a fruit can be determined by 
water displacement (Struik et al. 1988) or by 
measuring the buoyant force on a fruit im-
mersed in a fluid (Lang & Thorpe 1989). The 
volume of a fruit can be estimated from 
measurements of diameter (or circumference) 
and/or length (Tazuke & Sakiyama 1984; 
Schapendonk & Brouwer 1984). A regression 
equation is often used to estimate fresh weight 
from measurements of volume or diameter 
and/or length. 
For this investigation we tested a set of 
simple, quick and accurate non-destructive 
methods for measuring the growth of a cu-
cumber fruit. The growth of a fruit is analysed 
in detail. The dry-matter percentage is quanti-
fied in relation to ontogeny, temperature and 
fruit size. The dry-matter percentages of dif-
ferent tissues within a fruit are also investi-
gated. 
Materials and methods 
A parthenocarpic variety of cucumber 
(Cucumis sativus L. cv. Corona) was grown 
on an aerated modified Hoagland solution 
(Steiner 1984) in climate chambers. Photosyn-
thetically active radiation (PAR) above the 
plants was 135 W nr2 (high pressure sodium 
lamps) or 75 W nr2 (high pressure mercury 
lamps and incandescent lamps) for 14 hours. 
The temperature during both day and night 
was 25°C until topping of the plants and 
thereafter 20, 25 or 30°C; relative humidity 
was maintained at about 80%. 
Two days after unfolding of the 12th leaf 
(28 days after sowing) the plants were topped 
above this leaf. One fruit (in leaf axil 9) or 
seven fruits (in leaf axils 6-12) were left on 
the plants. For each fruit the date of flower 
opening was recorded. All lateral branches 
and new fruits were continually removed. 
To determine the dry-matter percentage, 
fruits were harvested at the end of the dark 
period. Dry-matter percentage (% of fresh 
weight) was determined after drying in an 
oven at 100°C for at least two days. Unless 
otherwise stated the average of equal sample 
slices at a quarter, half and three quarters of 
the fruit length was taken. 
Fruit volume was determined by immersing 
the fruit in a graduated cylinder containing 
water. The length of a fruit was measured 
with a ruler. The circumference was meas-
ured, using a flexible ruler, at three places 
along the fruit length (at a quarter, half and 
three quarters of the fruit length). Using the 
formula for the volume of a cylinder, the fruit 
volume was calculated as follows: 
V = LC2 /(4JC) (1) 
where 
V = Volume (cm3) 
L = Length (cm) 
C = (average) Circumference (cm) 
Richards growth functions (Richards 1959) 
were fitted to the growth curves of the fruits: 
W= Al{l+De-B(t-Q) yD (2) 
where 
W = weight, length or circumference 
t = time after flowering (days) 
A = asymptotic maximum value of the 
curve 
B = a rate constant, determining the 
spread of the curve along the time 
axis 
C = time at maximum growth rate (point 
of inflexion) 
D = a constant, determining the position 
of the point of inflexion relative to A. 
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3000 1000 2000 
calculated volume (cm3) 
3000 
FlG. 1. Fruit fresh weight as a function of volume measured by (A) water displacement or (B) calculated 
from length and circumference (average of circumference at a quarter, half and three quarters of the fruit 
length). 
A. Each symbol represents one fruit from plants with one or seven fruits, grown at 25°C and 75 or 
135 W m~2 PAR. Fruits were harvested between 0 and 27 days after flowering. n=385, r2=0.999. 
B. Each symbol represents one fruit from plants with one or seven fruits, grown at 20, 25 or 30°C and 75 
or 135 W m"2 PAR. Fruits were harvested between 0 and 40 days after flowering. n=314, r2=0.999. 
Each of these four fitted parameters 
(A,B,C,D) of the Richards function describes 
a distinct property of the growth curve. The 
Richards functions were fitted to curves of 
individual fruits, using the least square 
method. The fitted curves accounted for more 
than 99% of the variance for each fruit. The 
fitted parameters were averaged to calculate 
mean growth curves. These mean curves are 
representative of a treatment with respect to 
four major properties of the curves. Dennett 
et al. (1978) used a similar approach to calcu-
late representative curves of leaf growth in 
Vicia faba. This approach is particularly suit-
able to describe the typical shape of growth 
curves of individual organs or for use in 
models simulating the growth of individual 
fruits. 
Results 
Estimation of fresh weight 
The fresh weight of a fruit was proportional to 
its volume as measured by water displacement 
(Fig. 1A). The specific gravity of a fruit 
remained constant during growth 
(0.976±0.001 g ml"1). Assuming the fruit to 
be cylindrical, its volume can also be esti-
mated from its length and circumference (eqn 
1). Although this resulted in an overestimation 
of the volume, the fresh weight was propor-
tional to the calculated volume independent of 
fruit age, fruit size or temperature (Fig. IB). 
The best relationship between calculated 
volume (V) and fresh weight (FW) was ob-
tained when the circumference was measured 
at three places along the length of a fruit 
(FW=0J78V; r2=0.999), but measuring the 
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days after flowering 
100 200 300 400 
temperature sum (d 'C) 
FIG. 2. A. Fruit dry-matter percentage (% of fresh weight) as a function of time after flowering when one 
(••••-) or seven fruits (—O—) were left per plant at 20°C and 135 W nr2 PAR. Each symbol represents 
one fruit. Curves were fitted by third order polynomials. n=21 (one fruit per plant) or n=109 (seven fruits 
per plant). 
B. Fruit dry-matter percentage (% of fresh weight) at 20 ( ), 25 ( ) and 30°C ( ) as a 
function of temperature sum [X = t(T-10) where X = temperature sum (d °C), r = days after flowering, 
T = temperature (°C) ]. Per temperature polynomials were fitted to data of fruits from plants with one 
fruit, grown at 135 W nr2 PAR. n=21 (20°C) or n=12 (25°C; 30°C). 
circumference only half-way along the fruit 
also yielded a close linear relationship 
(FW=0J52V; r2=0.997). In the latter case, 
fitting various low-degree polynomials 
showed that the accuracy in estimating fresh 
weight could be slightly (but significantly) in-
creased by using a polynomial of the third 
degree (FW = 0.784V - 6.35xl0-5V2 + 
2.20xl0"8V3;r2=0.997). 
Estimation of dry weight and dry-matter per-
centage 
The dry-matter percentage (% of fresh 
weight) changed considerably during the de-
velopment of a fruit (Fig. 2A). Initially the 
dry-matter percentage decreased rapidly; this 
decrease then slowed down and finally there 
was even a slight increase in dry-matter per-
centage. Increasing the number of fruits com-
peting for assimilates resulted in both a lower 
fruit weight (for plants with one and seven 
fruits the final fruit fresh weight was 
1670 g fruit-1 and 784 g fruit"1, respectively) 
and in a lower dry-matter percentage, but the 
time-course showed a similar pattern. At in-
creasing temperature the fruit dry-matter per-
centage fell initially more rapidly with time 
and the increase started sooner, but when dry-
matter percentage was plotted against the 
temperature sum the curves ran almost paral-
lel (Fig. 2B). At an equal temperature sum the 
dry-matter percentage decreased when the 
temperature increased from 20 to 25°C, but 
the dry-matter percentage did not change 
between 25 and 30°C. 
Multiple regression analysis of the dry-
matter percentage of fruits of various ages, 
grown on plants with one or seven fruits in 
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measured dry weight (g) 
FIG. 3. Estimated fruit dry weight as a function of 
measured dry weight. Each symbol represents one 
fruit. The line represents the 100% fit of estima-
tion versus measurement. 
A. Dry weight estimated as a linear regression 
function of fresh weight assuming a constant dry-
matter percentage of 3.2% (% of fresh weight). 
n=309, r2=0.990. 
B. Dry weight calculated by multiplying the fresh 
weight by dry-matter percentage, which was a 
multiple regression function of temperature sum, 
temperature and fruit size (see eqn 3). n=309, 
r2=0.998. 
Plants with one or seven fruits were grown at 20, 
25 or 30°C and 75 or 135Wnr2PAR. Fruits 
were harvested between 0 and 40 days after flow-
ering. 
climate chambers at 20°C, 25°C or 30°C, 
resulted in the following relationship between 
dry-matter percentage and temperature sum, 
temperature and fruit size: 
P = 13.60-0.03665X + 0.9513xl0-4X2 
-0.7100xlO-7X3- 0.48937 
+ 0.00903072 - 0.7270xl0"4 TX 
+ 0.1569xl0-5 VX (3) 
where 
P = dry-matter Percentage (% of fresh 
weight) 
X = temperature sum after flowering 
(d°C) 
X = «T-10) 
t = time after flowering (days) 
T = Temperature (°C) 
V = calculated Volume (cm3) 
correlation coefficient r2 = 0.968 
n=309 
If a linear function between dry weight and 
fresh weight (or volume) was assumed, esti-
mations of fruit dry weight were fairly inaccu-
rate (Fig. 3A), because the dry-matter per-
centage was not constant. The (estimated) 
fresh weight had to be multiplied by the dry-
matter percentage as estimated by equation 3 
to obtain a correct estimate of fruit dry weight 
(Fig. 3B). 
A parthenocarpic cucumber fruit in trans-
verse section is composed of a green skin, 
parenchymatous tissue (the flesh) and a pla-
centa. The dry-matter percentage of the green 
skin was highest, while the dry-matter per-
centage of the flesh was lowest (Fig. 4A). The 
dry-matter percentage of all three fruit parts 
followed a similar pattern during fruit devel-
opment. The dry weight of the placenta as a 
fraction of the total fruit dry weight was not 
noticeably affected by fruit age (Fig. 4B), size 
or temperature (data not shown). The dry 








fruit dry weight initially increased at the ex-
pense of the green skin fraction, but from 
eight days after flowering (at 30°C) onwards 
these fractions were constant. It should be 
noted that the boundary between green skin 
and flesh was somewhat arbitrary and for 
small fruits it was especially difficult to cut 
exactly at the boundary. 
In young fruits, the dry-matter percentage 
was markedly higher in the middle of the 
length axis than at the ends (Fig. 5). In older 
fruits, the differences along the fruit length 
diminished. The average dry-matter percent-
5 10 15 
days after flowering 
20 
FIG. 4. A. Dry-matter percentage (% of fresh 
weight) of the green skin (•) , the flesh (O), the 
placenta (•) and average (•) half-way along the 
length of a fruit as a function of time after 
flowering at 30°C and 135 W nr2 PAR. 
B. Dry weight of the green skin (•) , the flesh (O) 
and the placenta (D) relative to the total fruit dry 
weight as a function of time after flowering. 
Each value is the average of a fruit from a plant 
with seven fruits and from a plant with one fruit, 










FIG. 5. The dry-matter percentage (% of fresh 
weight; measured at four or eight equidistant 
places) along the length of a fruit as a function of 
time after flowering. The fruit length was divided 
into 8 equidistant parts. Fruit part one was close to 
the peduncle and fruit part eight was close to the 
flower. Plants with seven fruits were grown at 
25°C and 75 W m"2 PAR. n=87. 
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age of slices at a quarter, half and three quar-
ters of the fruit length was very close to the 
dry-matter percentage of the total fruit 
(r2=0.999). 
Growth curves 
Length, circumference and fresh weight of 
fruits followed sigmoid curves (Fig. 6). In 
contrast to the fresh weight, the length of an 
ovary was found to have increased consider-
ably prior to flowering. The rapid increase in 
length began sooner than the rapid increase in 
circumference, which started earlier than the 
rapid increase in fresh weight growth. Forty 
days after flowering the fruits were already 
yellowing, but the fresh weight still increased 
slowly. In practice, the main criterion for har-
vest is the size of a fruit (400-600 g fresh 
weight), so a commercial grower would have 
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FIG. 6. The length (•) , circumference (•) and 
fresh weight (O ) of a fruit as a function of time 
after flowering at 20°C and 135 Wnr 2 PAR. 
Measured curves (symbols) were fitted by the 
Richards growth function up to 25 days after 
flowering (lines). Curves are means of 35 fruits 
(five replicate plants with seven fruits). 
Like fresh weight, the dry weight followed 
a sigmoid curve (Fig. 7A), but the maximum 
increase in dry weight was reached about one 
day before the maximum increase in fresh 
weight (Fig. 7B). The relative growth rate 
(RGR) of fresh and dry weights increased 
during the first week after flowering (at 20°C) 
and then declined in a concave shape without 
a period of constancy (Fig. 8). 
10 20 30 
days after flowering 
FIG. 7. Fresh (O, ) and dry (• , ) weight 
growth of a fruit as a function of time after flower-
ing at 20°C and 135 Wm"2. Measured curves 
(symbols) were fitted by the Richards growth 
function up to 25 days after flowering (lines). 
Curves are means of 35 fruits (five replicate plants 
with seven fruits). 
A. cumulative weight 
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FIG. 8. The relative growth rate of fresh (O) and 
dry (• ) weight of a fruit as a function of time after 
flowering at 20°C and 135 W nr2 PAR. 
Curves are means of 35 fruits (five replicate plants 
with seven fruits). 
The Richards function (Richards 1959) 
fitted the cumulative growth and growth rate 
(length, circumference, fresh and dry weights) 
accurately up to 25 days after flowering (Figs 
6 and 7), but no satisfactory description could 
be obtained for the later data points. The 
growth curves of fresh and dry weights were 
often not far from the Gompertz form of the 
Richards function. However, on average the 
Gompertz function fitted the data less ac-
curately (data not shown). 
Discussion 
Estimation of fresh weight 
Fresh weights of fruits in cucumber can be es-
timated accurately by measuring their volume, 
as has also been reported for tomato 
(Gustafson 1927). Calculating the fresh 
weight from length and circumference also 
appeared to be an accurate method. Schapen-
donk & Brouwer (1984) and Tazuke & Saki-
yama (1984) also estimated fruit fresh weight 
from length and circumference (or diameter), 
but did not clearly evaluate this method under 
different experimental conditions. This 
method is non-destructive, simple and quick, 
enabling measurements to be made on many 
fruits. Measurement of volume by water dis-
placement is more time-consuming and one 
disadvantage could be that the fruits become 
wet. However, fruit fresh weight was not sig-
nificantly affected by daily measurements of 
water displacement for 40 days at 17°C (data 
not shown). 
Estimation of dry weight and dry-matter per-
centage 
When fruits are grown under constant condi-
tions, the dry-matter percentage of a fruit can 
be estimated by a regression model with tem-
perature sum, temperature and fruit size as in-
put variables. However, the dry-matter per-
centage could also be a function of water 
supply (Adams 1990) or water potential of the 
root medium (Adams & Ho 1989). The initial 
fall in dry-matter percentage is in accordance 
with results obtained by Ward & Miller 
(1970) and Davies & Kempten (1976), but 
these authors did not report any increase in 
dry-matter percentage in older fruits. Both the 
temperature sum and fruit size increase with 
ontogeny of a fruit. In the regression model, 
the temperature sum accounts for ontogenetic 
effects, while fruit size accounts for the influ-
ence of assimilate supply on dry-matter per-
centage. 
Growth curves 
The sigmoid form of the growth curves cor-
roborates the data on cucumber of Tazuke & 
Sakiyama (1984) and Kanellis et al. (1986) 
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and the data on many fruit species (Bollard weight. In the same way as for leaves 
1970). The Richards function described the (Williams 1975) and tomato fruits (Monselise 
cumulative growth and growth rates of the et al. 1978) the RGR of a cucumber fruit in-
fruits very accurately up to 25 days after flow- itially increased and then declined without 
ering, well after normal harvest. Since the dry- being constant. The absence of a clear hori-
matter percentage of young fruits decreased zontal part of the RGR curve indicates that no 
during their development, the growth curve of truly exponential growth phase occurs, 
fresh weight lagged behind the curve of dry 
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4.2. Cell division and expansion in the fruit 
Marcelis, L.F.M. & Baan Hofman-Eijer, L.R., 1992. Cell division and expansion in the 
cucumber fruit. Journal of Horticultural Science 68: 665-671. 
Abstract. The contributions of different fruit parts to the growth of a parthenocarpic cucumber 
fruit was analysed throughout fruit development. Growth in length and circumference were 
measured along the fruit. Cell size was measured at several places in the pericarp of the fruit 
during its development and the contribution of cell division and expansion to the growth of the 
fruit was quantified. All parts along the fruit expanded in length and thickness at approximately 
the same rate, except for the fruit ends, where the growth rate slowed down sooner than in the 
middle part. The increase in thickness of the fruit was the result of a constant increase in 
thickness of placenta and pericarp throughout development of the fruit. No specific expansion 
zones were observed. Cells expanded continuously throughout ovary and fruit development. Cell 
division, however, was restricted to the first part of the growing period. Cell size decreased from 
the peduncle end towards the blossom end of the fruit. Along the pericarp radius there was also 
a gradient in cell size with the largest cells in the middle of the pericarp. During fruit 
development the zone with the largest cells shifted a little towards the epidermis. Although there 
were marked differences in cell size within a fruit, all cells continuously expanded and cell 
division ceased in the whole fruit at approximately the same time. 
Introduction 
Growth in volume of a fruit is a function of 
both cell division and expansion. In many 
fruits cell division is restricted to the first part 
of the growing period (Bollard 1970). The 
number of cells at anthesis of a fruit seems to 
be an important factor determining the final 
size of a fruit (Coombe 1976; Roth 1977; 
Bohner & Bangerth 1988a; Scorza et al. 
1991). The relative growth rate (RGR) in-
creases during the first week after anthesis 
and then declines without being constant 
(Chapter 4.1). This might indicate that in a 
cucumber fruit cell division stops one week 
after anthesis. 
In many fruits almost all pericarp cells may 
divide and enlarge homogeneously (Roth 
1977). However, Barber (1909), Sinnott 
(1939; 1945) and Goffmet (1977) observed 
that the size of cells in the pericarp of cucur-
bits was not homogeneous. In elongated types 
of fruit of pepper and eggplant the growth 
rate is greatest at the base and decreases to-
wards the tip (Kano et al. 1957; Munting 
1974). In cucumber there are also indications 
of gradients in growth rate along the length of 
a fruit (Tiedjens 1928; Drews 1979), but We-
hner & Saltveit (1983) reported that growth 
occurs fairly uniformly along the fruit. 
The effects of factors such as temperature 
or assimilate supply on fruit growth, which 
will be described elsewhere (Chapters 4.3, 
4.4), might change during fruit development 
because of a change in the contribution of cell 
division and expansion to the growth of a fruit 
or because of a change in the spatial distribu-
tion of growth zones within a fruit. Therefore, 
the objective of this study was to determine 
the contribution of the different fruit parts and 
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the contribution of œil division and expansion 
to the growth of a parthenocarpic cucumber 
fruit throughout its development. In addition, 
knowledge of the spatial distribution of 
growth zones within a fruit is essential in 
studying cell division and expansion. Growth 
in length and circumference was measured 
along the fruit. Cell size was measured at 
several places in the pericarp of the fruit dur-
ing its development and cell division and ex-
pansion were quantified. 
Materials and methods 
Cultivation of plants 
A parthenocarpic variety of cucumber 
(Cucumis sativus L. cv. Corona) was grown 
on an aerated modified Hoagland solution 
(Steiner 1984) in climate chambers. For 14 h 
per day photosynthetically active radiation 
(PAR) above the plants was 75 W nr2 (high 
pressure mercury lamps and incandescent 
lamps) in Experiment 1 and 135 W nr2 (high 
pressure sodium lamps) in Experiment 2. The 
temperature during both day and night was 
25°C until topping of the plants and thereafter 
20°C (Exp. 2) or 25°C (Exp. 1); relative hu-
midity was maintained at about 80%. Two 
days after unfolding of the 12th leaf (28 days 
after sowing) the plants were topped above 
this leaf. Seven fruits (in leaf axils 6-12) were 
left on the plant; in Experiment 1, however, 
only six fruits per plant grew out (one fruit 
aborted). All lateral branches and new fruits 
were continually removed. 
Determination of growth in length and thick-
ness of the fruit (Exp. 1) 
At 28 days after sowing (six or seven days 
before anthesis) the ovary length of the ova-
ries in axils 8, 9 and 10 was divided into five 
equal parts, by applying four marks approxi-
mately equidistantly using Edding waterproof 
drawing ink. At anthesis the fruit length was 
divided into eight equal parts by applying 
seven new marks. The length between the 
marks was measured daily with a ruler and the 
circumference at the marks with a flexible 
ruler. 
Determination of cell size and number 
(Exp. 2) 
Fruits at leaf axil 8, 9 and 10 from plants with 
seven fruits were used to determine cell size 
and number. Radial longitudinal and trans-
verse slices were cut and subsequently, cov-
ered with a thin layer of polystyrene (BDH 
Chemicals Ltd, Poole, England) dissolved in 
toluol (0.25 g ml"1). After drying for some 
minutes the layer containing a clear replica of 
the cells was removed. This method was pre-
ferred to measuring cells directly from thin 
sections, because this method appeared to be 
as accurate but much simpler. The number of 
cells in circular observation areas of 
0.004-6.514 mm2 were counted using a light 
microscope. Cell size was calculated by divid-
ing the surface area of the observation area by 
the number of cells counted in this area. As-
suming the fruit to be cylindrical, the ratio 
between surface areas of the pericarp and of 
single cells in transverse and radial longitudi-
nal section was used as a measure for cell 
number per fruit. 
At three positions (a quarter, half and 
three-quarters) along the fruit, two replicas 
were made in the middle of the pericarp for 
both transverse and radial longitudinal section. 
In addition, half-way along the fruit, cells 
were measured in transverse section at seven 
equidistant concentric layers from epidermis 
towards the placenta; the distance between the 
observation areas was 0-20% of the diameter 
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of these areas. The cell size and the number of 
cells were calculated for each concentric layer. 
The number of cells of a fruit in transverse 
section was calculated as the sum of cells of 
all layers. The average cell size was calculated 
as the surface area of the pericarp divided by 
the total number of cells. 
Results 
All parts along the fruit continuously contrib-
uted to the growth in length and circumfer-
ence of a fruit (Figs 1,2). Initially the length 
of the fruit part closest to the peduncle end 
(part 1) increased relative to the total fruit 
length (Fig. IB), indicating, that the growth 
rate was highest here. Eventually the relative 
length of this fruit part decreased indicating 
that the growth rate was lower than that of 
the rest of the fruit. The relative length of the 
fruit part closest to the blossom end (part 8) 
also decreased from anthesis onwards (Fig. 
IB). The relative length of the fruit parts in 
between did not show major changes during 
fruit development. 
Initially the circumference of all fruit parts 
was approximately the same (Fig. 2). Shortly 
after anthesis the circumference was smallest 
half-way along the fruit, but finally it was 
greatest there. However, excluding the fruit 
ends, differences in circumference along the 
fruit remained small throughout fruit devel-
opment. From about 8-10 days after anthesis 
the rate of circumference increase of the part 
closest to the peduncle end (part 1) and the 
part closest to the blossom end (part 7) 
slowed down more rapidly than that of the 
fruit parts in between (Fig. 2). 
The increase in thickness of the fruit was 
the result of an increase in thickness of both 
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FIG. 1. Fruit elongation along the fruit as a func-
tion of time after anthesis at 25°C. Before anthesis 
the fruit length was divided into five parts and 
from anthesis into eight parts. The cumulative 
length of all fruit parts (A) or the length of each 
part relative to the total fruit length is shown (B). 
The difference between two lines represents one 
fruit part. Numbers indicate the different fruit 
parts: part one was close to the peduncle and fruit 
part eight was close to the blossom. Data are 
means of 9 fruits from 3 replicate plants (Exp. 1). 
pericarp accounted for an almost constant 
fraction of the total fruit thickness (38±0.1%, 




FIG. 2. The growth in circumference of a fruit at seven places along the fruit at 25°C. Fruit part one was 
close to the peduncle and fruit part seven was close to the blossom. Day numbers indicate the days after 
anthesis. Data are means of 9 fruits from 3 replicate plants (Exp. 1). 
However, thickness measurements at a quar-
ter, half and three-quarters of the fruit length 
showed that the thickness of the pericarp de-
creased and the thickness of the placenta in-
0 10 20 
Days after anthesis 
40 
FIG. 3. The growth in diameter of the placenta (O) 
and the fruit (•) as a function of time after 
anthesis at 20°C. The diameter is the mean of the 
diameter at a quarter, half and three-quarters of 
the fruit length. The difference between diameter 
of the placenta and fruit represents the thickness of 
the pericarp. Curves were fitted by the Richards 
growth function (Richards 1959); r2 = 0.99 for 
both curves. Each symbol represents one fruit 
(Exp. 2). 
creased towards the blossom end; the fraction 
of the pericarp was 44±0.1%, 39±0.1% and 
31±0.1% (means±SEmean) of the total fruit 
thickness at respectively a quarter, half and 
three-quarters of the fruit length (starting 
from the peduncle end). 
The surface area of a pericarp cell and the 
total pericarp in transverse section followed a 
similar sigmoid curve (Fig. 4A). They both 
already increased during ovary development. 
The cell number increased until about 10 days 
after anthesis and remained more or less con-
stant thereafter (Fig. 4B). The number of peri-
carp cells per concentric layer showed similar 
patterns for all layers along the fruit radius 
during fruit development with no significant 
differences (Fig. 4B). 
From transverse sections half-way along 
the fruit, the size of the cells in the pericarp 
was smallest at the epidermis and close to the 
placenta (Fig. 5). In young fruits the zone 
with the maximum cell size occurred at a rela-
tive distance of 65% from the epidermis to-
wards placenta while in old fruits this zone 
was shifted to 35%. In older fruits the distri-
bution of the relative cell sizes over the fruit 
diameter remained constant and all cells ex-
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Days after anthesis 
FIG. 4. The mean surface area of single pericarp 
cells (A; O, ) and pericarp (A; • , ), 
and the number (B) of pericarp cells as a function 
of time after anthesis at 20°C; measured in trans-
verse section, half-way along the fruit. Cell num-
ber is the total number of cells of seven concentric 
layers from epidermis to placenta (• , ) or 
the number per layer as a fraction of the final 
number of that layer; for clarity only the fitted 
curves of three layers are shown [inner ( ), 
middle ( ) and outer ( ) layer]. The 
curves of surface areas of pericarp and cell (A) 
were fitted by the Richards growth function 
(Richards 1959); r2 = 0.99 for both curves. The 
curves of cell number (B) were fitted by an expo-
nential function; r2 = 0.88 for the total number and 
r2 = 0.81, 0.81 or 0.60 for the inner, middle or 
outer layer, respectively. Each symbol represents 
one fruit (Exp. 2). 
panded continuously. Observations on some 
fruits showed that the distribution of cell size 
from epidermis to placenta at a quarter and at 
three-quarters along the fruit was similar to 
that at half-way along the fruit (data not 
shown). A similar distribution pattern was 
also observed in radial longitudinal section, 
where the average cell surface area was 
83±3.5% (mean±SEmean) ofthat in transverse 
section. 
Estimates of cell surface areas at the mid-
dle of the pericarp during fruit development 
showed that the time course of cell size and 
cell number had similar patterns in transverse 
and radial longitudinal section and at a quar-
ter, half and three-quarters along the fruit 
(data not shown). However, cell size de-
creased from peduncle towards the blossom 
end; in transverse section the size at a half and 
three-quarters of the fruit length were 
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FIG. 5. The distribution of relative surface areas of 
single pericarp cells along the fruit radius as a 
function of time after anthesis at 20°C. Surface 
area of the cells was measured in transverse 
section half-way along the fruit. Per fruit the 
surface area of the cells at seven locations was 
calculated relative to the average cell surface area 
of all seven locations. The figure is based on 27 
fruits (Exp. 2). 
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4.3. Effect of assimilate supply on the growth of 
individual fruits 
Marcelis, L.F.M., 1993. Effect of assimilate supply on the growth of individual cucumber fruits. 
Physiologia Plantarum 87: 313-320. 
Abstract. The effects of assimilate supply on the growth of individual fruits during different 
stages of fruit development were analysed in cucumber (Cucumis sativus L. cv. Corona). The 
assimilate supply was varied by maintaining different numbers of fruits per plant or maintaining 
different irradiances. The growth rate of a cucumber fruit strongly increased with increasing 
assimilate supply, but its growing period was not noticeably affected. At a low assimilate supply 
both cell number and cell size were reduced. Increasing the assimilate supply at different stages 
of fruit development showed that the early development of a cucumber fruit was not crucial for 
setting its growth potential. A small number of cells, due to a low assimilate supply during early 
fruit development, was to a great extent compensated by an increased expansion rate of 
individual cells. It is concluded that cell number is not an important determinant of fruit size in 
cucumber, although fruit size is often positively correlated with cell number. In the early stages 
of fruit development the effect of irradiance on the fruit growth rate depends on the presence of 
an earlier developed fruit because of dominance between fruits. In later stages of fruit 
development, a decrease in irradiance reduced the growth rate of all fruits relatively to the same 
extent independent of their age or presence of other fruits. 
Introduction 
In cucumber the fruits are important sinks for 
assimilates (Chapter 2.1.1). It is generally 
agreed that the distribution of assimilates 
among sinks is primarily regulated by the sinks 
themselves (Evans 1975; Gifford & Evans 
1981; Farrar 1988; Ho 1988). Many theories 
have been put forward to explain the mecha-
nism by which assimilates are distributed 
among plant organs, but no unequivocal con-
clusion is available at present (Gifford & 
Evans 1981; Wolswinkel 1985; Farrar 1988; 
Patrick 1988; Wardlaw 1990). Wolswinkel 
(1985) supposed that the competitive ability 
of an organ to attract assimilates depends on 
its sink strength. The sink strength was de-
fined as the potential capacity of a sink to ac-
cumulate assimilates. This potential capacity 
can be quantified by the potential growth rate 
of the sink, i.e. the growth rate under condi-
tions of non-limiting assimilate supply. Ho 
(1988) also stressed that the potential capacity 
is the most critical determinant of fruit 
growth. Schapendonk & Brouwer (1984), 
Jones et al. (1989) and Marcelis et al. (1989) 
developed tentative simulation models for cu-
cumber and tomato in which it was assumed 
that the dry matter partitioning into an indi-
vidual fruit is proportional to its potential 
growth rate; this rate was calculated as a 
function of temperature and developmental 
stage of the fruit. However, the ability of sinks 
to attract assimilates may not depend entirely 
upon their capacity to accumulate these com-
pounds. For instance, during the initial phase 
of tuber growth in potato, the competitive 
ability of a tuber to attract assimilates is 
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mainly determined by factors outside this sink, 
such as for instance vascular connections 
(Engels & Marschner 1986b). In later stages 
of tuber growth the competitive ability for as-
similates is dominated mainly by factors within 
the tuber itself (Engels & Marschner 1986b). 
In many species the earlier developed sinks 
inhibit growth of the later developed sinks 
(Bangerth 1989; Ho 1992). Not only compe-
tition for a limited supply of assimilates but 
also dominance (inhibition as a result of a 
(hormonal) signal from one organ to the 
other) might be involved in this inhibition. In 
most cases described in the literature, domi-
nance as the exclusive cause for the growth 
inhibition of a sink was not unequivocally 
demonstrated, but neither competition for as-
similates seems to be valid generally 
(Bangerth 1989). 
The early development of a sink organ 
seems to be of utmost importance for its fu-
ture growth potential (Patrick 1988). The 
growth potential of a cereal grain is largely 
determined during ovary development (Jenner 
1985; Millet 1986). Coombe (1976) argued 
that in fleshy fruits the number of cells at an-
thesis largely contributes to the variation in fi-
nal fruit size. Ho (1984) concluded that in to-
mato the assimilate supply or the import rate 
into individual fruits during the early devel-
opment of a fruit is crucial for setting the 
growth potential of a fruit. He suggested that 
both cell number and the potential cell size 
were determined within the first week of fruit 
set. 
In the present study the effects of the as-
similate supply on the growth of individual 
cucumber fruits were analysed during different 
stages of fruit development. The assimilate 
supply was varied by maintaining different 
numbers of fruits per plant or maintaining dif-
ferent irradiances. The relationship between 
the competitive ability of a fruit to grow and 
its growth rate at a high level of assimilate 
supply was investigated. In addition, the in-
volvement of dominance between fruits was 
investigated. The size and number of cells 
were determined in order to examine their 
correlation with the growth rate of a fruit. 
Abbreviations - DAA, days after anthesis. 
Materials and methods 
In all experiments a parthenocarpic variety of 
cucumber {Cucumis sativus L. cv. Corona) 
was grown on an aerated modified Hoagland 
solution (Steiner 1984). 
Assimilate supply 
Three experiments (Exp. 1, 2 and 3) were 
conducted in order to study the effects of as-
similate supply on fruit growth during differ-
ent developmental stages. Plants were grown 
in climate chambers. Photosynthetically active 
radiation (PAR) above the plants was 
34 mol nr2 day1 (Philips SON-T 400W high 
pressure sodium lamps; Exp. 1 and 2) or 
18 molm"2 day1 (Philips HPLN 400W high 
pressure mercury and Philips incandescent 
lamps; Exp. 3). Day length was 14 h. The 
temperature during both day and night was 
25°C. Relative humidity was maintained at 
about 80%. 
Two days after unfolding of the 12th leaf 
(28 days after sowing), the plants were topped 
above this leaf. All lateral branches and new 
fruits were continually removed. 
In Experiment 1 the effects of different 
levels of assimilate supply per fruit throughout 
the fruit development period were studied by 
retaining one (at leaf axil 9), three (axils 6, 9, 
12), five (axils 6, 8 ,9, 10, 12) or seven fruits 
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(axils 6-12; due to abortion on average 6.3 
fruits per plant grew out) per plant. Fruits 
were harvested 27 days after anthesis (DAA). 
In Experiment 2 the effects of the assimilate 
supply during the initial stages of fruit devel-
opment were studied by growing plants at 
four irradiances from 15 days after sowing 
(3rd leaf just unfolded) until 2 DAA at axil 9 
(32-35 days after sowing). It was assumed 
that at 2 DAA a large fraction of the final 
number of cells per fruit had already been 
formed. Different irradiances were achieved 
by shading the plants over the tops and along 
the sides with none, one, two or three layers 
of cheese cloth (transmittance 100, 50, 30 and 
20% respectively). Two fruits were retained 
per plant (at axils 8 and 9). Two DAA at axil 
9 (2.7 DAA at axil 8), the fruit at axil 8 was 
harvested and the shade screens removed. In 
this experiment the effects of leaf removal 
were also studied, by removing one (leaf 
number 11) or three leaves (leaf numbers 5, 7 
and 11) at 2 DAA at axil 9 from plants which 
were grown at the 100% irradiance level. The 
fruit at axil 9 was harvested 20 DAA. In 
Experiment 3 the effects of an increase in the 
assimilate supply during fruit growth were 
studied. One (axil 9) or seven fruits (axils 6-
12) were retained per plant. At 6, 12 or 
18 DAA at axil 9 in the plants with seven 
fruits, six fruits were removed, leaving only 
the fruit at axil 9 on the plant. Fruits were har-
vested 27 DAA. 
In Experiment 1 and 3 the treatments were 
arranged in a randomized block design. The 
plants were grown in three (Exp. 1) or four 
(Exp. 3) rows of five plants. Each row repre-
sented a block. In Experiment 2 the treat-
ments were randomized over the plants with 
the restriction that each shade treatment was 
applied to three neighbouring plants. 
In Experiments 1, 2 and 3 the growth curve 
of the fruit fresh weight was estimated non-
destructively by daily measurements of the 
fruit length and the circumference as described 
elsewhere (Chapter 4.1). When fruits were 
harvested, their fresh weights were measured 
and, subsequently, their dry weights were de-
termined after drying at 100°C for at least 
48 h. If at harvest the estimated weight of a 
fruit differed from its measured weight, all es-
timates for that fruit were adjusted propor-
tionally. In Experiment 2 after removal of the 
shade screens, net leaf photosynthesis of the 
upper leaves was measured with a portable in-
fra-red gas analyser, according to the methods 
described elsewhere (Chapter 3). 
Competitive ability of a fruit 
Two experiments (Exp. 4 and 5) were con-
ducted in order to study the competition and 
dominance between fruits. Each experiment 
was replicated in three consecutive periods. 
Plants were grown in an air-conditioned 
glasshouse. The daily average temperature 
was 24°C. The average total natural photo-
synthetically active radiation (400-700 nm) in-
side the glasshouse including supplementary 
lighting from Philips SON-T 400W high 
pressure sodium lamps was 14 mol m-2 day-1 
in Experiment 4 and 17 mol m-2 day~l in 
Experiment 5; during the five or four day 
treatment periods the equivalent figures were 
respectively 15 and 19 mol m-2 day-1. 
In Experiment 4, plants were sown on 25-
2-1991, 16-8-1991 and 13-3-1992. Eight 
fruits were retained per plant at leaf axils 6, 9, 
11, 13, 15, 17, 19 and 21. The plants were 
topped above the 21st leaf axil (39+3 days af-
ter sowing). All lateral branches and new 
fruits were continually removed. Four DAA at 
axil 21 (50±3 days after sowing), in each of 
the three replicate experiments, 8 plants were 
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harvested and the remaining plants were 
shaded over the tops and along the sides with 
none or a double layer of cheese cloth 
(transmittance 30%) in order to create two 
different irradiances. Five days after start of 
the treatments, the remaining plants were har-
vested (36 plants per treatment per three rep-
licate experiments). At harvest, the fresh 
weights of the fruits were measured and, sub-
sequently, their dry weights were determined 
after drying at 100°C for at least 48 h. In each 
of the three replicate experiments the treat-
ments were arranged in a split-plot design 
with irradiance at the whole plot level and 
fruit developmental stage at the sub-plot level. 
Plants were grown in two compartments each 
with four rows of four plants until start of the 
treatments and three rows of four plants dur-
ing the treatment period. Each row repre-
sented a block. Each block was divided into 
two sub-blocks consisting of two plants each. 
Per sub-block the plants had the same irradi-
ance treatment. 
In Experiment 5, plants were sown on 4-1-
1991, 11-10-1991 and 13-1-1992. Two fruits 
were retained per plant at leaf axils 6 and 10. 
The plants were pruned above the 12th leaf 
axil (38±2 days after sowing). All new fruits 
and lateral branches, except for the branches 
at axil 11 and 12 were continually removed. 
Six DAA at axil 10 (44±2 days after sowing), 
in each of the three replicate experiments, 8 
plants were harvested and the remaining 
plants were shaded over the tops and along 
the sides with none or a double layer of cheese 
cloth (transmittance 30%) in order to create 
two different irradiances. On the remaining 
plants the two fruits were retained or the fruit 
at axil 6 or the fruit at axil 10 was removed. 
Four days after start of the treatments the re-
maining plants were harvested (12 plants per 
treatment per three replicate experiments). At 
harvest the fresh weights of the fruits were 
measured and, subsequently, their dry weights 
were determined after drying at 100°C for at 
least 48 h. In each of the three replicate ex-
periments plants were grown in two com-
partments with each four rows of four plants 
until start of the treatments and four rows of 
three plants during the treatment period. Per 
compartment the irradiance treatments were 
randomized over the rows. Per row each 
treatment of fruit developmental stage in 
combination with fruit number occurred once. 
Determination of cell size and cell number 
In Experiment 1 (only fruits from plants with 
one and five fruits) and Experiment 2 cell size 
and number were determined at harvest. 
Radial longitudinal and transverse slices of a 
fruit were cut and, subsequently, covered with 
a thin layer of polystyrene (BDH Chemicals 
Ltd, Poole, England) dissolved in toluol 
(0.25 g ml"1). After drying for some minutes 
the layer containing a clear replica of the cells 
was removed. At three positions (a quarter, a 
half and three-quarters) along the fruit length 
replicas were made at two radial places. At 
each position in both transverse and radial 
longitudinal section the number of cells were 
counted in the middle of the pericarp within a 
circular observation area of 0.2-6.5 mm2 using 
a light microscope. Cell size was calculated as 
the ratio between the surface area of the ob-
servation area and the number of cells counted 
in this area. Assuming the fruit to be cylindri-
cal, the ratio between surface areas of the fruit 
and single cells in transverse or radial longi-
tudinal section was used as a measure for cell 
number per fruit. The average cell number and 
size of a fruit in transverse section (averaged 
over three positions along the fruit length) 
were presented. In radial longitudinal section 
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the data showed a similar response to the 
treatments (data not shown). 
Results 
Constant level of assimilate supply 
When the assimilate supply per fruit was re-
duced by increasing the number of fruits per 
plant, the growth of individual fruits strongly 
decreased (Fig. 1). This decrease was less 
than proportional to the increase in the num-
ber of fruits (Fig. 1). These differences were 
greater on dry weight basis than on fresh 
weight basis; the final dry weights of the fruits 
for plants with 1, 3, 5 and 7 fruits were 77, 
37, 24 and 20 g fruit-1, respectively. For indi-
vidual fruits the time from anthesis until the 
stage of maximum growth rate was not no-
ticeably affected by the number of fruits com-
peting for assimilates, indicating that the 
growing period was constant. Although only 
growth curves of the fruits at axil 9 are 
shown, the difference between the fresh 
weight of the fruit at axil 9 and the mean of all 
fruits of the same plant was always less than 
6%. 
The reduction in fruit growth with increas-
ing number of fruits was the result of both a 
decrease in cell size and cell number: in trans-
verse section the mean (± SE) number of cells 
per fruit was (140±5)-103 and the cell size 
0.042±0.002 mm2 when one fruit was left per 
plant; the equivalent figures for plants with 
five fruits were (112±3)103 and 0.028±0.001 
mm2. 
When one fruit per plant was left at axil 9, 
a reduction in assimilate supply by removing 
three leaves 2 days after anthesis (DAA), re-
duced the final fruit weight and cell size, but 
not cell number (Table 1). Removal of one 
leaf did not affect fruit growth (Table 1), al-
io 20 
Days after anthesis 
FIG. 1. The effect of the number of fruits per plant 
on the fresh weight (A) and growth rate (B) of the 
cucumber fruit at axil 9. One (O), 3 (•), 5 (D) or 
7 fruits (•) were retained per plant. Data are 
means of 3 replicate plants (Exp. 1). SE did not 
exceed 9%. 
though the growth rate of the whole plant was 
reduced by 11%. 
Low initial level of assimilate supply 
When the assimilate supply was reduced by 
shading plants to 20, 30 or 50% of the irradi-
ance of the control treatment from 15 days af-
ter sowing (3rd leaf just unfolded), anthesis of 
the fruits at both axil 8 and axil 9 was retarded 
by about 3, 2 or 1 day, respectively (anthesis 
at axil 9 occurred between 32 and 35 days af-
ter sowing). Two DAA the weight of the 
fruits at axil 9 was smaller at decreasing irra-
diance (Table 1). The fruits at axil 8 were 
similarly affected by the treatments. In addi-
tion, preliminary experiments had shown that 
differences in fruit weight and cell size be-
tween the fruits at axil 8 and 9 were small 
(data not shown). The decreased fruit size was 
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the result of both a reduction in cell number 
and cell size (Table 1). When from 2 DAA at 
axil 9 all plants were grown at the same irradi-
ance (100% level) and only the fruit at axil 9 
was left on the plant, the final fruit fresh 
weight at 20 DAA was reduced by a low in-
itial irradiance. However, the relative differ-
ences between the treatments had diminished 
compared to 2 DAA. Moreover, from about 
12 DAA the differences in growth rates be-
tween the treatments were negligible (data not 
shown). At the final harvest of the fruit at axil 
9 (20 DAA), the number of cells was higher 
than 2-3 days after anthesis of the fruit at axil 
8, but the differences between the treatments 
had remained constant. Contrary to the results 
shortly after anthesis, at the final harvest the 
cell size was smallest for fruits from plants 
which had grown continuously at the high ir-
radiance level. The leaf area per plant was re-
duced by shading the plants during their early 
development. One day after the shade screens 
were removed, the rate of net leaf photosyn-
thesis (per leaf area) of the upper leaves at the 
20% irradiance treatment was about 60% 
lower than at the 100% irradiance treatment. 
This difference gradually diminished and 
10 days after removal of the shade screens net 
leaf photosynthesis was similar to that of the 
control treatment (data not shown). The rate 
of net leaf photosynthesis of the 30 and 50% 
irradiance treatment was only slightly lower 
than that of the control treatment and this was 
observed only during the first days after re-
moval of the shade screens (data not shown). 
When initially seven fruits were retained 
per plant and at different stages of fruit devel-
opment six fruits were removed, the growth 
rate of the remaining fruit increased strongly 
within one day (Fig. 2). Although the fruit 
weight was much lower than that of fruits 
which had never had competition from other 
2000 
10 20 
Days after anthesis 
FIG. 2. The effect of removal of competing fruits 
on the fresh weight (A) and growth rate (B) of the 
cucumber fruit at axil 9. One (O) or 7 fruits (O) 
were retained on the plant or 6 fruits were removed 
from plants with 7 fruits at 6 (•), 12 (D) or 18 
days (•) after anthesis at axil 9; dates of removal 
are indicated by arrows. Data are means of 4 
replicate plants (Exp. 3). SE did not exceed 8%. 
fruits, a few days after removal of the compet-
ing fruits, the fruits grew at the same rate and 
the differences in fruit fresh weight remained 
constant. When the six competing fruits were 
removed at different developmental stages, 
the fruits at axil 9 had a similar dry-matter 
percentage (3.4% of fresh weight) at the end 
of the experiment, but they had a higher 
dry-matter percentage than the fruits at axil 9 
from plants with 7 fruits (2.7%). If it is as-
sumed that the increase in dry-matter percent-
age occurred during the first days after re-
moval of the competing fruits, for dry weight 
the relative increase in growth rate after re-
moval of the competing fruits was larger than 
for fresh weight. However, during these first 
days the rate of dry weight increase was still 
lower than that of fruits which had grown 
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TABLE 2. Growth of fruits at 8 different developmental stages on the same plant and at 2 irradiance levels 
during a five day period. For each fruit the time after anthesis and dry weight at start of the treatment, and 
the dry weight increase of fruits from control and shaded plants and the ratio between these growth rates 
are shown. Shaded plants received 30% of the irradiance of control plants during the treatment period 
(100% irradiance = 15 mol m"2 day"1). Data are means of 36 replicate plants (Exp. 4). LSD was 
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without competing fruits throughout (data not 
shown). 
Competitive ability of a fruit 
When plants with eight fruits at different de-
velopmental stages were shaded by screens 
(30% light transmittance) the growth rate of 
the youngest fruits was reduced to a greater 
extent than those of the older fruits. When, at 
start of the shade treatments, a fruit was 8 
DAA or older, the proportional reduction in 
growth rate was independent of its age (Table 
2). Fruits younger than 4 DAA at start of the 
treatment were not investigated in this ex-
periment, because they were expected to abort 
at the low irradiance level, as observed in pre-
liminary experiments (data not shown). 
Although the proportional reduction in dry 
weight growth of a fruit did not change after 8 
DAA, the proportional reduction in fresh 
weight growth decreased continuously from 4 
DAA (75%) until 17 DAA (21%), since the 
dry-matter percentage of the fruits decreased 
during development (Chapter 4.1). In large 
fruits this dilution of dry matter accounted for 
a large fraction (up to about 40%) of the fresh 
weight growth, which explains why fresh 
weight growth was only affected to a minor 
extent by a decrease in dry weight growth. 
When only two fruits were retained per plant, 
shading again reduced the growth rate of the 
youngest fruit (6 DAA) relatively more than 
that of the older fruit (10 DAA) (Table 3). If 
one of the two fruits was removed at the onset 
of the irradiance treatments, the growth rate 
of the remaining fruit increased. However, in 
these plants with one fruit the proportional re-
duction in growth rate due to shading was not 
significantly different between the two fruits, 
irrespective of fruit age (Table 3). 
Discussion 
Constant level of assimilate supply 
The growth rate of a cucumber fruit was 
strongly dependent on the assimilate supply 
(Fig. 1). Under normal growing conditions, 
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TABLE 3. Growth of fruits at 2 different developmental stages and at 2 irradiance levels during a four day 
period when the fruits were grown on the same plant (2 fruits per plant) or when grown on separate plants 
(1 fruit per plant). For each fruit the time after anthesis and dry weight at start of the treatment, and the 
dry weight increase of fruits from control and shaded plants and the ratio between these growth rates are 
shown. Shaded plants received 30% of the irradiance of control plants during the treatment period (100% 
irradiance = 19 mol m"2 day"1). Data are means of 12 replicate plants (Exp. 5). LSD was calculated ac-
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when several fruits were growing on the same 
plant, the growth rate was limited by assimi-
late supply. Under our conditions (34 
molm - 2day - 1 PAR) the fruits from plants 
with one fruit were supposed to be growing at 
their potential rate and not constrained by as-
similate supply, because removal of one leaf 
(12% of the leaf area) did not affect fruit 
growth while it reduced the increase in total 
plant dry weight (Table 1). 
Generally an increase in growth rate is 
observed with increasing assimilate supply 
(Egli et al. 1985; Winzeler et al. 1989; 
Cockshull et al. 1992), but the degree to 
which organ growth is influenced by the 
assimilate supply differs among genotypes 
(Winzeler et al. 1989). In comparison with 
tomato, in cucumber growth of a fruit shows a 
very strong response to assimilate supply 
(Marcelis & Heuvelink 1990). In our experi-
ments no marked effects of assimilate supply 
were observed on the growing period of cu-
cumber fruits, which is in accordance with re-
sults of McAvoy et al. (1989) and Cockshull 
et al. (1992) on tomato fruits and of Dennett 
et al. (1979) on Vicia leaves. However, 
Yoshioka & Takahashi (1979b) observed a 
decrease in the growing period of tomato 
fruits at increasing assimilate supply, whereas 
Egli et al. (1985) observed a slight increase 
for soybean seeds. 
In leaves of cucumber (Newton 1963; 
Wilson 1966) and poplar (Pieters 1974) an in-
crease in assimilate supply enlarged cell size, 
but not cell number. However, in tomato the 
positive effect of an increase in assimilate 
supply on fruit size was mainly due to an in-
crease in cell number (Bohner & Bangerth 
1988b). In our experiments with cucumber 
fruits, an increase in assimilate supply en-
larged both cell number and cell size. 
Low initial level of assimilate supply 
The direct effects of assimilate supply 
(irradiance) during the early stages of fruit de-
velopment on subsequent fruit growth at equal 
assimilate supply were difficult to investigate, 
because leaf area and photosynthetic rate were 
also affected (Table 1). When the effects on 
photosynthesis and leaf area were taken into 
account, the direct effects of the initial level of 
assimilate supply on final fruit size were prob-
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ably only small. When the assimilate supply 
was varied by maintaining different numbers 
of fruits, the photosynthetic capacity of the 
plants was not affected. All leaves were al-
most full-grown when the treatments started 
and net leaf photosynthesis and total plant 
growth rate were not affected (Chapter 3). 
Fruit growth responded immediately to an in-
crease in the assimilate supply induced by re-
moval of competing fruits (Fig. 2). The po-
tential growth rate at any stage was not irre-
versibly impaired by a low assimilate supply 
during early fruit development, but the reduc-
tion in size was not compensated by extra 
growth (Fig. 2). The early development of a 
cucumber fruit seems not to be crucial for 
setting the growth potential, which contrasts 
with conclusions of Coombe (1976), Ho 
(1984), Patten et al. (1986) and Patrick 
(1988) for fruits of several species. This con-
trast might be due to the fact that we used 
parthenocarpic cucumber fruits whereas their 
conclusions were based on seeded fruits of 
other species. Possibly their conclusions were 
also partly affected by effects of assimilate 
supply during the early development on the 
source capacity of the plants. 
A small number of cells, due to a low as-
similate supply during early fruit development, 
was to a great extent compensated by an in-
creased expansion rate of individual cells 
(Table 1). Therefore, cell number seems not to 
be an important determinant of fruit size, al-
though an increase in assimilate supply both 
enlarged cell number and fruit size. In potato, 
Sattelmacher & Laidig (1991) also observed a 
positive correlation between tuber size and 
cell number, but the growth rate seemed not 
to be causally related to cell number. In addi-
tion, Biinger-Kibler & Bangerth (1982) and 
Bohner & Bangerth (1988b) observed an in-
verse relationship between cell number and 
cell size in tomato fruits when parthenocarpy 
was induced by exogenously applied hor-
mones or when distal and proximal fruits were 
pollinated simultaneously. These results indi-
cate that although the size of a fruit is usually 
positively correlated with the number of cells, 
a low cell number can often be compensated 
to a great extent by a high expansion rate per 
cell. 
Competitive ability of a fruit 
Young fruits (younger than 8 DAA) were 
relatively more sensitive to a reduction in as-
similate supply (irradiance) than older fruits 
on the same plant (Table 2), indicating that 
the competitive ability of a fruit to attract as-
similates is not always related to its growth 
rate at a higher level of assimilate supply. 
Thus the competitive ability is not always ex-
clusively related to its potential growth rate. 
When fruits were older than 8 DAA, at which 
time they reached their maximal growth rate, 
their growth rates were proportional to those 
at a high level of assimilate supply; the assimi-
late supply only affected the degree of com-
petition. If only one fruit was retained per 
plant, the proportional reduction in growth 
rate of a young fruit (younger than 8 DAA) 
due to a decrease in irradiance did not exceed 
that of an older fruit (Table 3). This shows 
that for fruits younger than 8 DAA the pres-
ence of an older fruit is essential in determin-
ing the negative effects of a reduction in the 
assimilate supply. Therefore, these effects can 
be ascribed to dominance among fruits. 
Dominance among fruits is not, unlike apical 
dominance, determined by morphological po-
sition, but rather by their sequence of devel-
opment relative to each other (Bangerth 
1989). Stephenson et al. (1988) showed that 
for Cucurbita pepo the degree of dominance 
between fruits increased with seed number, 
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but in seedless (parthenocarpic) cucumber 
fruits we still observed some dominance ef-
fects. 
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4.4. Effect of temperature on the growth of individual 
fruits 
Marcelis, L.F.M. & Baan Hofman-Eijer, L.R., 1993. Effect of temperature on the growth of 
individual cucumber fruits. Physiologia Plantarum 87: 321-328. 
Abstract. In order to study the effect of temperature on the growth of individual fruits in 
cucumber (Cucumis sativus L. cv. Corona), fruits were grown at 17.5, 20, 25 and 30°C 
continuously or the fruit temperature was changed from 17.5 to 27.5CC or vice versa. Fruit 
development appeared to be closely related to the temperature sum. When the growth of a fruit 
was not constrained by assimilate supply, a decrease in growing period with increasing 
temperature was more than compensated for by a strong increase in growth rate, resulting in an 
increase in final fruit weight. However, when the growth of a fruit was constrained by assimilate 
supply, the increase in growth rate with increasing temperature was small and did not 
compensate for the decrease in growing period, resulting in a decrease in final fruit weight. 
Determinations of cell number and size showed that the effect of temperature on fruit growth 
was due to effects on cell expansion rather than on cell division, when growth was not 
constrained by assimilate supply. However, when assimilate supply did constrain fruit growth the 
number of cells per fruit decreased with increasing temperature, while the effect on cell size was 
negligible. In all stages of fruit development, the growth rate of a cucumber fruit responded 
within one day to a change in temperature. It was not irreversibly impaired by a low temperature 
(17.5°C) during the early development of a fruit. A high temperature treatment (27.5°C), 
however, had a great effect on the growth rate of a fruit after the temperature treatment had 
terminated. At all stages of fruit development (even before anthesis) a period of four days at 
27.5°C resulted in a pronounced stimulation of the growth rate afterwards at 17.5°C. 
Introduction 
In cucumber the fruits are important sinks for 
assimilates (Chapter 2.1.1). With the same 
number of fruits on the plant, the biomass al-
location to the fruits increases with increasing 
temperature at the expense of the vegetative 
plant parts (Chapter 2.1.2). The assimilate 
partitioning into individual sink organs such as 
fruits depends to a great extent on the poten-
tial capacities of the sinks themselves to ac-
cumulate assimilates (Wolswinkel 1985; Ho 
1988). The potential growth capacity of a fruit 
is an important determinant of its actual 
growth rate (Ho 1988). In some tentative 
simulation models of dry matter partitioning in 
cucumber and tomato (Schapendonk & 
Brouwer 1984; Jones et al. 1989; Marcelis et 
al. 1989) it was assumed that the competitive 
ability of an individual fruit to attract assimi-
lates is proportional to its potential growth 
rate, i.e. the growth rate under conditions of 
non-limiting assimilate supply. This potential 
growth rate was calculated as a function of 
developmental stage and temperature. 
However, the effect of temperature on growth 
of individual cucumber fruits has not been 
quantified yet throughout the whole fruit de-
velopment period. 
In many crops marked effects of tempera-
ture on growth of individual organs are re-
ported. Usually the growth rate increases but 
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the growing period decreases more with in-
creasing temperature, resulting in a decrease 
in the final weight of an organ (Wardlaw 
1970; Auld et al. 1978; Dekhuijzen & 
Verkerke 1986). 
In order to get a better understanding of 
the growth of individual fruits and the 
mechanism of dry matter partitioning, quanti-
tative information on the effect of temperature 
on growth of individual fruits is desired. This 
information could be incorporated in crop 
growth models for optimization of crop man-
agement or control of the greenhouse climate 
in commercial cucumber production. 
In the present study we investigated the ef-
fect of temperature on the growth of cucum-
ber fruits under conditions of non-limiting as-
similate supply in order to quantify the poten-
tial growth capacity of a fruit. To test whether 
the potential growth rate is a measure for the 
competitive ability of an organ, the effect of 
temperature on the potential growth rate was 
compared to the effect of temperature on 
growth of fruits under conditions of limiting 
assimilate supply. The effects of a change in 
the fruit temperature during different stages of 
fruit development were also examined. The 
size and number of cells were determined in 
order to elucidate whether the effect of tem-
perature was achieved by effects on cell divi-
sion or on cell expansion. 
Abbreviations - DAA, days after anthesis. 
Materials and methods 
Cultivation of plants 
A parthenocarpic variety of cucumber 
{Cucumis sativus L. cv. Corona) was grown 
on an aerated modified Hoagland solution 
(Steiner 1984) in climate chambers. 
Photosynthetically active radiation (PAR) 
above the plants was 34 mol nr2 day1 
(Philips SON-T 400W high pressure sodium 
lamps). Day length was 14 h. Relative humid-
ity was maintained at about 80%. The tem-
perature during both day and night was 25°C 
until topping of the plants. 
Two days after unfolding of the 12th leaf 
(28 days after sowing), the plants were topped 
above this leaf. One fruit (at leaf axil 9) or five 
fruits (at leaf axils 6, 8, 9, 10, 12) were left on 
the plants. At that time the temperature treat-
ments started. At the start of the treatments 
the length and the fresh weight of the ovary at 
leaf axil 9 were 1.9 cm and 0.13 g, respec-
tively. All lateral branches and new fruits were 
continually removed. 
In the experiments with constant tempera-
ture (17.5, 20, 25 or 30°C), plants were 
grown at the same temperature as the fruits. 
In the experiments with fluctuating tempera-
tures, after the plants had been topped, they 
were grown at 17.5°C and the fruits (one fruit 
per plant) were grown at 17.5 or 27.5°C . In 
the latter experiments, on the same day as the 
plants were topped, the ovaries were placed in 
transparent cylindrical chambers to control 
temperature of the ovary and, subsequently, of 
the fruit. The ovaries and fruits remained at-
tached to the plant. The chamber consisted of 
a double wall of glass or acrylate. For ovaries 
small glass chambers (internal diame-
ter x length: 3 x 1 8 cm) were used, but at an-
thesis these chambers were replaced by big 
acrylate ones (internal diameter x length: 10 x 
55 cm). At one end of the chamber, the 
peduncle passed through a hole in a rubber 
plug, which was sealed with modeling clay. 
The temperature within the chamber was 
maintained by circulating water from a con-
trolled-temperature water bath between the 
double walls of the chamber. In addition, air 
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with a controlled temperature and relative 
humidity (about 75%) was passed through the 
chamber at a rate varying from 0.05 1 s_1 for 
ovaries to 0.131s"1 for old fruits. The air 
temperature in the chambers was continuously 
registered with thermocouples. The tempera-
ture in the chambers could be changed by 
10°C within 2 h. Changes in fruit temperature 
were always carried out between 2 and 3 h af-
ter start of the light period. 
Determination of fruit growth 
Fresh weight of the fruits was determined 
daily according to the non-destructive meth-
ods described elsewhere (Chapter 4.1): the 
weight of the fruits, which grew at constant 
temperature were estimated daily by measur-
ing the fruit length and the circumference. The 
weight of the fruits which grew at fluctuating 
temperatures in cylindrical chambers, was es-
timated from their volume. The volume of the 
fruits was determined daily by measuring the 
volume of water needed to fill the chamber; 
the water used for this measurement was at 
the same temperature as the fruit. At the end 
of the experiments fresh and dry weights 
(after drying at 100°C for at least 48 h) of the 
fruits were measured destructively at the end 
of the night period. If at harvest the estimated 
weight of a fruit differed from its measured 
weight, all estimates for that fruit were ad-
justed proportionally. A fruit was harvested 
when it started yellowing and its age (from 
anthesis) was at least twice the age at the time 
the maximum growth rate was reached. 
Fresh weight growth of the fruits was plot-
ted against days or temperature sum after an-
thesis. The temperature sum was calculated 
as: 
X = t(T-\0) 
where X is temperature sum after anthesis (°C 
day), t is time after anthesis (day) and T is 
temperature (°C). 
For plants with five fruits, growth curves 
of the fruits at axil 9 were presented. The dif-
ference between fresh weight of the fruit at 
axil 9 and the mean of all fruits of the same 
plant was less than 7%. Growing the fruit in a 
transparent chamber did not affect fruit 
growth as the fresh weight growth did not ap-
preciably differ between fruits grown with or 
without these chambers for 40 days at 17.5°C 
(data not shown). 
Determination of cell size and cell number 
In fruits from plants with one or five fruits 
grown at a constant temperature of 17.5, 20, 
25 or 30°C, size and number of cells were de-
termined according to the methods described 
elsewhere (Chapter 4.3). As in radial longitu-
dinal section, cell number and size showed a 
similar response to the treatments as in trans-
verse section (data not shown), only the data 
in transverse section are presented. 
Results 
Constant temperature 
The effect of temperature on growth of a fruit 
was investigated by growing plants with one 
or five fruits at a constant temperature of 
17.5, 20, 25 or 30°C during ovary and fruit 
growth. An increase in temperature in the 
ovary stage hastened anthesis and increased 
the weight of the ovaries at anthesis: when 
one fruit was retained per plant at 17.5, 20, 25 
and 30°C, the date of anthesis was respec-
tively 7, 6, 5 and 4 days after start of the tem-
perature treatment (28 days after sowing) and 
the fresh weight of the ovary at anthesis was 








Days after anthesis 
0 100 200 300 400 
Temperature sum after anthesis ('C day) 
FIG. 1. The effect of temperature on the fresh weight of individual cucumber fruits when one fruit was left 
on the plant (at leaf axil 9). The cumulative weight (A,B) and growth rate (C,D) are plotted against days 
after anthesis (A,C) or temperature sum after anthesis (B,D). Plants and fruits were grown at the same 
temperature. Data are means of three replicate plants. SE did not exceed 12%. 
17.5°C: • ; 20°C: • ; 25°C: • ; 30°C: O. 
When one fruit was left on the plants, an 
increase in temperature enhanced the final 
fresh weight of the fruits (Fig. 1A). With in-
creasing temperature the maximum growth 
rate increased. However, the period from an-
thesis until the stage of maximum growth rate 
decreased (Fig. 1C), indicating a decrease in 
growing period. When the growth curves for 
the different temperatures were plotted 
against the temperature sum, they ran almost 
in phase and the maximum growth rate was 
reached at almost the same temperature sum 
(135°C day) (Fig. ID). With the same tem-
perature sum, the growth rates increased at 
increasing temperature. This increase in 
growth rate more than compensated for the 
decrease in growing period, which is why the 
final fruit weight increased at increasing tem-
perature. 
When the number of fruits per plant was 
increased from one to five, the growth per 
fruit was reduced. When five fruits were left 
on the plant, the final fresh weight per fruit 
decreased with increasing temperature (Fig. 
2A,B). Raising the temperature up to 25°C 
increased the maximum growth rate, but at 
30CC the maximum growth rate was the same 
as at 25°C (Fig. 2C,D). An increase in tem-
perature reduced the period from anthesis 
until the stage of maximum growth rate (Fig. 
2C). The maximum growth rate was reached 
at approximately the same temperature sum 
whether one or five fruits were left per plant 
(Fig. ID, 2D). With the same temperature 
sum, the growth rate increased at increasing 
temperature. However, with five fruits per 
plant this increase in growth rate was rela-
tively smaller than with one fruit per plant and 
did not fully compensate for the decrease in 
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10 20 30 
Days after anthesis 
0 100 200 300 400 
Temperature sum after anthesis f C day) 
FIG. 2. The effect of temperature on the fresh weight of individual cucumber fruits (at leaf axil 9) when 
five fruits were left on the plant. The cumulative weight (A,B) and growth rate (C,D) are plotted against 
days after anthesis (A,C) or temperature sum after anthesis (B,D). Plants and fruits were grown at the 
same temperature. Data are means of three replicate plants. SE did not exceed 13%. 
17.5°C: • ; 20°C: D; 25°C: • ; 30°C: O. 
growing period. This resulted in the decrease 
in final fruit weight with increasing tempera-
ture. 
The dry-matter percentage of the fruits 
decreased at increasing temperature, as has al-
ready been described elsewhere (Chapter 4.1). 
Consequently, in plants with one fruit, the 
positive effect of an increase in temperature 
on dry weight growth was somewhat smaller 
than on fresh weight growth, but yet the effect 
was pronounced; for plants with one fruit, the 
final dry weights of the fruits at 17.5, 20, 25 
and 30°C were 60, 73, 72, and 78 g fruit"1, 
respectively. When five fruits were left on the 
plant, there was only a very small increase in 
the rate of dry weight growth with increasing 
TABLE 1. The effect of temperature on cell surface area and cell number in transverse sections of 
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Days after anthesis 
0 100 200 300 400 
Temperature sum after anthesis ('C day) 
FIG. 3. The effect of raising the fruit temperature from 17.5 to 27.5°C at 0 (D), 12 (•, O) or 24 (A, A) 
days after anthesis on the fresh weight of individual cucumber fruits when one fruit was left on the plant 
(at leaf axil 9), compared to fruits grown at a constant temperature of 17.5°C (•) or 27.5°C (O). The 
cumulative weight (A,B) and growth rate (C,D) are plotted against days after anthesis (A,C) or 
temperature sum after anthesis (B,D). Plants were grown at 17.5°C. Data are means of three replicate 
plants. SE did not exceed 13%. 
17.5°C: closed symbols; 27.5°C: open symbols. 
temperature, but the decrease in final dry 
weight was greater than the decrease in fresh 
weight; for plants with five fruits, the final dry 
weights of the fruits at 17.5, 20, 25 and 30°C 
were 35, 30, 22 and 20 g fruit-1, respectively. 
When one fruit was left on the plants, an 
increase in temperature enhanced the size of 
the cells, but the number of cells was not no-
ticeably affected (Table 1). However, when 
five fruits were retained per plant, the number 
of cells decreased with increasing tempera-
ture, but the effect on cell size was small. 
When five fruits were left on the plant the 
cells were smaller than when one fruit was 
left. At 25 and 30°C the number of cells also 
appeared to reduce with an increase from one 
to five fruits per plant. 
Fluctuating temperature 
The effect of fluctuating temperatures on 
growth of a fruit were investigated by grow-
ing plants at 17.5°C and keeping the tempera-
ture of the fruits constant at 17.5 or 27.5°C, 
or changing the fruit temperature from 17.5 to 
27.5°C or vice versa at different stages of fruit 
development. The temperature was changed 
at anthesis or shortly before and after the 
maximum growth rate was reached. 
Changing the fruit temperature from 17.5 
to 27.5°C increased the final fruit weight and 
within one day the fruit growth rate, whether 
the temperature change commenced at 0, 12 
or 24 days after anthesis (DAA) (Fig. 3). 
When plotted against temperature sum, the 
curves of the growth rate after the tempera-
ture had been changed seemed to run in phase 
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Days after anthesis 
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Temperature sum after anthesis ('C day) 
FIG. 4. The effect of lowering the fruit temperature from 27.5 to 17.5°C at 0 (•) , 4 (• , O ) or 11 (A, A) 
days after anthesis on the fresh weight of individual cucumber fruits when one fruit was left on the plant 
(at leaf axil 9), compared to fruits grown at a constant temperature of 17.5°C (•) or 27.5°C (O). The 
cumulative weight (A,B) and growth rate (C,D) are plotted against days after anthesis (A,C) or 
temperature sum after anthesis (B,D). Plants were grown at 17.5°C. Data are means of three replicate 
plants. SE did not exceed 14%. 
17.5°C: closed symbols; 27.5°C: open symbols. 
with the curves of fruits grown at constant 
temperatures (Fig 3D). The final size of a fruit 
was irreversibly impaired when the low tem-
perature was maintained until 12 or 24 DA A, 
because the reduction in fruit weight during 
the low temperature treatment was not com-
pensated for by extra growth afterwards. 
However, the growth rate was not irreversibly 
impaired by a low temperature during the 
early development of a fruit. When the low 
temperature treatment lasted until 24 DAA, 
the growth rate did not reach the same level 
as that of fruits grown at a constant high tem-
perature. When the temperature was raised at 
12 DAA, four days later (16 DAA, 160 
°C day) the growth rate of the fruits had 
increased up to approximately the rate of 
fruits with the same temperature sum grown 
at constant 27.5°C. When the temperature 
was raised at anthesis, the growth curves of 
the fruits lagged about one day or about 20°C 
day behind the curves of fruits which had 
grown at 27.5°C until anthesis. Apart from 
this small lag phase no noticeable difference 
between the growth curves was observed. 
When the temperature sum was calculated 
relative to the start of the temperature treat-
ments instead of relative to the date of anthe-
sis, the calculated lag phase decreased to 
about 10°C day. 
Changing the fruit temperature from 27.5 
to 17.5°C decreased the fruit growth rate 
within one day, irrespective of whether the 
temperature was changed at 0, 4 or 11 DAA 
(Fig. 4). After the temperature had been 
changed to 17.5°C, the growth rate of fruits 
91 
Chapter 4.4 
with the same temperature sum was higher the 
later the temperature was lowered. The final 
weights were only slightly affected by the de-
crease in temperature, because the decrease in 
growth rate was to a great extent compen-
sated for by an increase in growing period. 
When plotted against temperature sum, the 
curves of the growth rates after the tempera-
ture had been changed seemed to run in phase 
with the curves of fruits grown at constant 
temperatures. After the temperature had been 
lowered to 17.5°C, the growth rates and final 
weights of the fruits were much greater than 
those of the fruits which grew at a constant 





Days after anthesis 
FIG. 5. The effect of raising the fruit temperature 
from 17.5 to 27.5°C during a four day period on 
the fresh weight of individual cucumber fruits 
when one fruit was left on the plant (at leaf axil 9). 
The cumulative weight (A) and growth rate (B) are 
plotted against days after anthesis. The four day 
period started at 4 days before anthesis (•) or 0 
(•, D), 6 (•, O) or 12 days (A, A) after anthesis. 
Plants were grown at 17.5CC. Data are means of 
three replicate plants. SE did not exceed 13%. 
17.5°C: closed symbols; 27.5°C: open symbols. 
been lowered at anthesis. 
Raising the temperature from 17.5 to 
27.5°C during a four day period at different 
stages of fruit development (-4, 0, 6 or 12 
DAA) resulted in the largest fruits, when the 
four day period started at 0 or 6 DAA (Fig. 
5). The later the four day period started (up to 
12 DAA), the greater the growth rate during 
the four day period (Fig. 5B). The growth rate 
during the high temperature treatment corre-
lated positively with the growth rate of fruits 
grown at a constant 17.5°C, when fruits of the 
same developmental stage (same temperature 
sum) were compared (data not shown). 
After the four day period at 27.5°C, all 
fruits had equal growth rates, except when 
this four day period was applied before an-
thesis. When the four day period started 4 
days before anthesis, not only the growth rate 
during the high temperature treatment was 
small (compared to treatment at a later stage) 
but also the growth rate afterwards until about 
16 DAA resulting in a small final weight. 
When the four day period started 12 DAA, 
the fruit weight on that day was appreciably 
lower than when the start was at 0 or 6 DAA. 
This smaller weight at 12 DAA was only 
partly compensated for by the higher growth 
rate during 12-16 DAA at 27.5°C resulting in 
a smaller final fruit weight. 
Discussion 
The effect of temperature on growth rate is 
often confounded with the effect of the devel-
opmental stage. As with many other plants 
(e.g. Johnson & Thornley 1985), the devel-
opment of a cucumber fruit appears to be 
closely related to the temperature sum. The 
effect of temperature on the growth rate of a 
cucumber fruit could be separated from de-
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velopmental effects by considering growth as 
a function of the temperature sum. 
Constant temperature 
The effect of temperature on fruit growth was 
different depending on whether one or five 
fruits were left on the plant (Figs 1 and 2). 
When one fruit was left per plant, its growth 
was not constrained by assimilate supply 
(Chapter 4.3). Therefore, the growth of that 
fruit was at its potential level, determined only 
by its intrinsic capacity to grow at the prevail-
ing temperature. When five fruits were re-
tained per plant, the growth of the individual 
fruits was at least partly limited by assimilate 
supply. This limitation in combination with a 
proportionality between the competitive abil-
ity of a fruit and its potential growth rate 
(which is a function of fruit age and tempera-
ture) can explain why the growth rate in-
creased to a relatively smaller extent with in-
creasing temperature than in plants with one 
fruit. The results of a preliminary experiment 
corroborated that the fruit growth rate at 
25 °C was constrained by the photosynthetic 
capacity of the plant, because more than 90% 
of all the dry matter produced was diverted to 
the fruits during the period of rapid fruit 
growth (data not shown). From the start of 
the temperature treatments until the final har-
vest, the average dry matter production rate 
per plant (5.5±0.3 g d"1) was not noticeably 
affected by the number of fruits (Chapter 3) or 
temperature (as measured at 17.5, 20 and 
25°C; data not shown). In addition, in an 
other experiment we observed no significant 
difference in total plant dry weight growth 
when plants were grown for a four day period 
at 17 or 27°C (Chapter 2.1.2) 
The decrease in growing period and the in-
crease in growth rate of individual cucumber 
fruits (Figs 1 and 2) is in accordance with the 
general response of plant organs to increasing 
temperature (Wardlaw 1970; Auld et al. 
1978; Drews 1979; Dekhuijzen & Verkerke 
1986; Tazuke & Sakiyama 1986). However, 
with increasing temperature, a decrease in fi-
nal weight of an organ is usually found 
(Wardlaw 1970; Rylski 1979; Sawhney & 
Polowick 1985; Dekhuijzen & Verkerke 
1986), whereas we observed that this re-
sponse depends on the assimilate supply. 
Possibly, assimilate supply has limited organ 
growth in most of the experiments described 
in the literature. In accordance with our re-
sults, Wardlaw (1970) observed that the 
stimulative effect of an increase in the tem-
perature on the growth rate of wheat grains 
diminished at a low rate of assimilate supply, 
regulated by light level. However, Dekhuijzen 
& Verkerke (1986) observed a decrease in fi-
nal seed size with increasing temperature in 
Vicia plants despite an apparent abundance of 
assimilates. 
When one fruit was retained per plant, the 
effect of temperature on the growth of that 
fruit was due to an effect on cell expansion 
rather than on cell division (Table 1). In wheat 
grains (Wardlaw 1970) and in leaves of Vicia 
(Auld et al. 1978) and Populus (Pieters 1974) 
temperature also affected primarily the cell 
size. However, when five cucumber fruits 
were retained per plant, cell number decreased 
with increasing temperature whereas cell ex-
pansion was little affected (Table 1), which 
was probably due to greater competition 
among the fruits for assimilates at the higher 
temperatures. 
The assimilates imported by a fruit are used 
for the increase in weight and for respiration. 
Generally, growth respiration (per gram dry 
weight increase) is linearly related to the 
growth rate, irrespective of the temperature 
(Penning De Vries et al. 1974). However, 
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maintenance respiration (per gram dry weight 
per day) increases with increasing temperature 
(Schapendonk & Challa 1980). Using the data 
of Schapendonk & Challa (1980) we esti-
mated that the cumulative amount of assimi-
lates required for maintenance respiration ac-
counted for 8-14% of the total assimilate re-
quirement of that fruit (data not shown). The 
response of the total fruit assimilate require-
ment to temperature was comparable to that 
of the fruit weight. However, more detailed 
measurements on respiration of cucumber 
fruits are desirable to estimate the assimilate 
requirement of a fruit more accurately, 
(measurements on respiration of cucumber 
fruits are described in Chapter 4.5). 
Fluctuating temperature 
At all stages of fruit development, the growth 
rate of a cucumber fruit responded within one 
day to a change in temperature (Figs. 3, 4 and 
5). Organs of many plant species seem to re-
spond more or less immediately to a change in 
temperature (Milthorpe 1959; Kleinendorst & 
Brouwer 1972; Moorby et al. 1974; Walker & 
Ho 1977; Engels & Marschner 1986a). The 
potential growth rate (when one fruit was left 
per plant) was not irreversibly impaired by 
low temperature during the early development 
of a fruit (Fig. 3), as also observed by Engels 
& Marschner (1986a) with potato tubers. 
In contrast to a low temperature treatment, 
a period of high temperature at an early stage 
had a marked effect on the subsequent growth 
rate (Fig. 4). Although the stimulative effect 
of a high temperature treatment on the subse-
quent growth rate increased with increasing 
duration of the treatment (Fig. 4), at all stages 
of fruit development, a treatment period of 
four days was sufficient to observe a pro-
nounced effect (Fig. 5). The stimulation of the 
growth rate after a high temperature treatment 
was not caused by an increase in cell number, 
because cell number was not noticeably af-
fected by temperature when only one fruit was 
left per plant (Table 1). At a high temperature 
a physiological process is probably stimulated. 
As cytokinins and gibberellins promote the 
growth of cucumber fruits (Ogawa & Aoki 
1977; Ogawa et al. 1990), the production of 
or sensitivity to these hormones might be 
stimulated by high temperatures. Further re-
search is necessary to investigate the physi-
ological background of this response. As a 
short period of high temperature triggers rapid 
fruit growth, fluctuations in temperature could 
promote fruit production compared to growth 
at a constant temperature. In accordance with 
this, fluctuating night temperature regimes 
greatly increased fruit production in tomato 
(Khayat et al. 1985) and flower production in 
rose (Zieslin et al. 1987), but the effects were 
dependent on the cultivar. 
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4.5.1. C02 exchange rate of individual fruits: 
Fruit photosynthesis 
Marcelis, L.F.M. & Baan Hofinan-Eijer, L.R., 1994. The contribution of fruit photosynthesis to 
the carbon requirement of cucumber fruits as affected by irradiance, temperature and 
ontogeny. Physiologia Plantarum (Submitted). 
Abstract. The photosynthetic contribution of a fruit to its carbon requirement throughout fruit 
ontogeny and under different growing conditions was quantified in cucumber (Cucumis sativus 
L. cv. Corona). In addition, the effects of fruit shading on fruit dry matter accumulation and the 
diurnal course of the elongation rate were studied. Fruit darkening had no photomorphogenetic 
effect on fruit growth, while the cumulative photosynthetic contribution of a fruit to its own car-
bon requirement ranged from 1 to 5%. During day-time there was always a net CO2 efflux. The 
photosynthetic rate per fruit, calculated by the difference between rates of CO2 exchange in light 
and dark, increased during fruit ontogeny, while the photosynthetic rate per unit fruit surface 
area declined. The latter was not dependent of fruit size. The photosynthetic activity per unit 
surface area of fruits was estimated to be about 20-30% as efficient as that of leaves. The rate of 
calculated photosynthesis was reduced by 60-65% when the photosynthetically active radiation 
incident on the fruit decreased from 200 to 50 mmolm~2s_1. Temperature (20-30°C) had no 
pronounced effect on the rate of calculated fruit photosynthesis. However, the relative photosyn-
thetic contribution of a fruit to its carbon requirement increased when temperature decreased. 
Moreover, this contribution increased when irradiance increased or fruit growth was reduced by 
competing fruits. During fruit ontogeny the daily photosynthetic contribution was highest (up to 
15%) in young and old fruits, with a small growth rate. 
Introduction 
Although leaves are the most important pho-
tosynthetic organs, reproductive organs may 
also be photosynthetically active. Blanke & 
Lenz (1989) concluded in their review that 
fruit photosynthesis has an intermediate status 
between C3, non-autotrophic tissue and 
C4/CAM photosynthesis. According to these 
authors fruit photosynthesis is characterized 
by: (1) CO2 fixation by phosphoenolpyruvate 
carboxylase (PEPC) via ß-carboxylation of 
PEP analogous to C4 and CAM photosynthe-
sis, but with kinetics of fruit PEPC which are 
characteristic of C3 and non-autotrophic tis-
sue; (2) no Kranz anatomy nor diurnal pH 
fluctuations; (3) a large diffusive resistance of 
the fruit epidermis; (4) a large internal CO2 
concentration in the fruit; (5) sun-type chlo-
roplasts which are smaller and have fewer 
grana than commonly found in a leaf of the 
same species. 
Estimates of photosynthetic contributions 
from reproductive structures to their own car-
bon requirement vary and depend on the am-
bient conditions, the species and the type of 
reproductive structures. This contribution was 
found to be 5-9% for peach (Pavel & DeJong 
1993b), 10% for cotton (Wullschleger et al. 
1991), 12% for pepper (Steer & Pearson 
1976), 10-15% for tomato (Tanaka et al. 
1974), 15-19% for pea (Flinn et al. 1977), 
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2-65% for deciduous trees (Bazzaz et al. 
1979), 13-76% for cereals (see review in 
Duffus et al. 1985), and 70% for rapeseed 
(Inanaga et al. 1979). Little information is 
available on photosynthetic rates of the green 
fleshy fruits of cucumber. Assuming the same 
photosynthetic rate per surface area as leaves, 
Schapendonk & Challa (1981) estimated the 
photosynthetic contribution of cucumber fruits 
of 6 g dry weight to be 10-20% of their own 
assimilate requirement. 
Apart from the effects on photosynthesis, 
light may also affect organ growth via effects 
on sink activity. In experiments on cucumber 
(Schapendonk & Brouwer 1984), tomato 
(Guan & Janes 1991) and soybean (Heindl & 
Brun 1983), darkening of fruits was found to 
reduce fruit dry matter accumulation by 30-
40%; these effects could be ascribed only to a 
small extent to fruit photosynthesis. 
Moreover, darkening of fruits may strongly 
increase their abortion (Heindl & Brun 1983, 
Schapendonk & Brouwer 1984). Mor & 
Halevy (1980) found that darkening a young 
rose shoot drastically reduced its assimilate 
import independently of photosynthesis. These 
photomorphogenetic effects of light on organ 
growth might be mediated by effects on hor-
mone levels (ABA, GA), as indicated by the 
results of Mengel et al. (1985) and Yarrow et 
al. (1988). However, in pea (Hole & Scott 
1981) and pepper (Achhireddy et al. 1982) 
effects of darkening on fruit growth seem to 
be the result of a reduced photosynthesis only. 
Moreover, in other studies on darkening of 
tomato fruits (Walker & Ho 1977, Starck et 
al. 1979) or maize ears (Allison & Watson 
1966) no effects on organ growth were ob-
served at all. 
In most experiments described in the litera-
ture, an organ attached to the plant was dark-
ened by covering that organ with aluminium 
or black foil. However, this treatment might 
not only affect the light intensity but also the 
temperature and composition of the air around 
the organ, which might contribute to re-
sponses to organ darkening. 
The aim of our study was to quantify the 
photosynthetic contribution of a cucumber 
fruit to its own carbon requirement during its 
ontogeny, and under different growing condi-
tions. In addition, the photosynthetic and pho-
tomorphogenetic effects of fruit shading on 
fruit dry matter accumulation were analysed, 
while temperature and composition of the air 
around the fruit were controlled and while the 
rest of the plant was grown at constant condi-
tions. In a subsequent paper, the respiratory 
losses for maintenance and growth of a cu-
cumber fruit are quantified (Chapter 4.5.2). 
Materials and methods 
Cultivation of plants 
Plants of a parthenocarpic variety of cu-
cumber {Cucumis sativus L. cv. Corona) were 
grown on an aerated modified Hoagland solu-
tion (Steiner 1984) in a climate chamber. For 
14 h per day, photosynthetically active radia-
tion (PAR) just above the plants was 
675 umol nr2 s"1 (Philips SON-T 400W high 
pressure sodium lamps). The temperature 
during both day and night was 25°C, except 
for the experiment on fruit temperature where 
plants were grown at 20°C from 28 days after 
sowing and the fruits at 20, 25 or 30°C; rela-
tive air humidity was maintained at about 
80%. All lateral branches and new fruits were 
continually removed. 
Two days after unfolding of the 12th leaf 
(28 days after sowing), the plants were topped 
above this leaf and the treatments were 
started. At that time, the dry weight of the 
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ovary at leaf axil 9 was 0.01-0.02 g. One fruit 
(at leaf axil 9) or five fruits (at leaf axils 6, 7, 
9, 11, 12) were retained on the plants. While 
remaining attached to the plant, the ovary and 
subsequently the fruit at leaf axil 9 were en-
closed by a cylindrical cuvette in which tem-
perature (20, 25 or 30°C), C 0 2 concentration 
(350 umol mol*1) and relative humidity (75%) 
of the air were controlled. The cuvette con-
sisted of a double wall of glass or acrylate. 
Small glass cuvettes (internal diame-
ter x length: 3 x 1 8 cm) were used for ovaries, 
but at anthesis (5 days after start of the treat-
ments at 25°C), these cuvettes were replaced 
by big acrylate ones (internal diameter x 
length: 10 x 55 cm). Cuvettes were replaced 
at night under green light. At one end of the 
cuvette, the peduncle passed through a hole in 
a rubber plug, which was sealed with model-
ling clay. The temperature within the cuvette 
was maintained by circulating water from a 
controlled-temperature water bath between 
the double walls of the cuvette. Air of con-
trolled temperature and relative humidity 
(about 75%) was passed through the cuvette 
at a rate between 0.05 dm3 s_1 for ovaries to 
0.13 dm3 s-1 for old fruits. The air tempera-
ture in the cuvettes was continuously regis-
tered using thermocouples. Three irradiance 
treatments were applied to the ovaries and 
subsequently to the fruits: 1. unshaded 
(200 umol m ^ s " 1 PAR inside cuvette), 2. 
cheese cloth (50 umol m - 2 s~' PAR) and 3. 
black and aluminium foil (completely dark). 
Growing the fruit in a transparent cuvette did 
not affect fruit growth, as the fresh weight 
growth did not appreciably differ between 
fruits grown with or without these cuvettes 
for 40 days at 17.5°C (data not shown). 
Fruit photosynthesis 
Determination of fruit dry weight and carbon 
requirement 
Dry weights of the fruits were estimated from 
their non-destructively measured volume ac-
cording to Chapter 4.1. From anthesis on-
wards, the volumes of the fruits were deter-
mined daily by measuring the volume of water 
needed to fill the cuvette; the water used for 
this measurement had the same temperature as 
the fruit. At the end of the experiments, 
weights of the fruits were measured 
destructively at the end of the night period. 
Dry weights were determined after drying at 
100°C for at least 48h. If the non-destructive 
estimate of the fruit weight at harvest differed 
from the measured weight, all estimates for 
that fruit were adjusted proportionally. 
Carbon requirement was calculated from 
the carbon accumulation rate of the fruit 
(increase in dry weight multiplied by its car-
bon concentration) and the respiration rate; 
respiration rate and carbon concentration 
were measured according to Marcelis and 
Baan Hofman-Eijer (Chapter 4.5.1). 
Temperature sum 
According to Chapter 4.4, the temperature 
sum was calculated as: 
X=t(T-l0) 
where X is temperature sum after anthesis (CC 
day), t is time after anthesis (day) and T is 
temperature (°C). 
Curve fitting 
S-shaped curves were fitted by the Richards 
function (Richards 1959): 
Y=A/{\
 + De-^X-^}UD 
Where A, B, C and D are fitted constants. 
Exponentially declining curves were fitted by 




Determination of fruit surface area 
Assuming the fruit to be cylindrical, the fruit 
surface area (A) was approximated from the 
measured fruit length (L, measured with a 
ruler) and fruit volume (V, measured as de-
scribed above): 
A = L^{AitVIL) 
Determination of fruit elongation 
Lengths of fruits at leaf axil 9 were monitored 
continuously by means of a linear displace-
ment transducer (Sangamo, model DC/15/S) 
over a period of 10-15 days between 0 and 20 
days after anthesis at 25°C. Unshaded fruits 
were not grown in cuvettes, while darkened 
fruits were grown in darkened cuvettes. 
Surrounding air was pumped through these 
cuvettes, but no water was passing through 
the double wall of the cuvette; temperature 
deviated less than 1°C from that of the 
unshaded fruits. The average elongation rate 
was calculated each day and subsequently the 
rate relative to this average was calculated for 
each hour. These relative rates were averaged 
per fruit over all days (10-15d) measured. The 
data presented are the means ±SEmean of 3 
fruits per treatment. 
Determination of CO2 exchange rate 
The CO2 exchange rate of attached fruits, 
which were enclosed in the cuvettes were 
measured in an open system with a dif-
ferentially operating infra-red gas analyser 
(ADC Co., model 225). Before entering the 
gas analyser, the air was dried by cooling to 
5°C. C02 concentration of the air entering the 
cuvette was approximately 350 umol mol-1. 
The diurnal course of the CO2 exchange rate 
of several fruits of all ages was measured. In 
addition, the CO2 exchange rate of the fruits 
was measured daily for 15-30 minutes during 
the last 3 hours of the light period and 
between the second and fifth hour after start 
of the dark period. The difference between 
measurements in the light and dark period was 
used as an estimate of fruit photosynthesis. On 
each day, at least 2 out of each 3 fruits per 
treatment were measured and each fruit was 
measured at least on 2 out of each 3 days. 
Missing values were per fruit linearly 
interpolated between the day before and the 
day after. 
Statistical set-up and analysis 
Data were means of 3 or 6 replicate plants. 
The shade and temperature treatments were 
arranged in a randomized block design. In the 
first experiment, three shade treatments were 
applied to plants with 5 fruits (only the fruit at 
leaf axil 9 was treated), in the second experi-
ment the same treatments were applied to 
plants with 1 fruit and in the third experiment 
three temperature treatments were applied to 
plants with 1 fruit. Per experiment, nine plants 
were grown simultaneously in three rows in a 
climate chamber. Each row represented one 
block. The experiment on fruit shading with 
five fruits per plant was repeated in two peri-
ods; means of this experiment were based on 
6 plants, but due to abortion of one fruit the 
means for the darkened fruits were based on 5 
plants. The results were analysed by analysis 
of variance followed by Student's t-test (5%) 
and standard errors of means were calculated. 
No analysis of variance was performed on the 
calculated photosynthetic contribution to total 
carbon requirement as this contribution was 
calculated from average values for dry weight, 





Shading of a cucumber fruit while the plant 
was unshaded, had no pronounced effect on 
its growth (Fig. 1). Only when the fruit was 
completely darkened, the fruit growth seemed 
to be slightly reduced (final dry weight was 
reduced by 9%), but this effect was not sig-
nificant at the 95% confidence level. 
Darkening of fruits had no distinct effect on 
the diurnal course of the growth in fruit length 
(Fig. 2). When the lights were switched off, 
the growth rate showed an immediate but 
transient increase; this increase persisted for 
about 1 hour. From 3 hours after start of the 
night period, the growth rate steadily in-
creased during the night period. When the 
lights went on, the elongation rate dropped. 
During day-time the elongation rate was 
maximal at about 3 h after start of the day-
time. The average elongation rates during the 
day- and night-time were almost equal (ratio 




Days after anthesis 
FIG. 1. Effect of fruit shading on the dry weight of 
the cucumber fruit at axil 9 when 5 fruits were left 
on the plant, at 25°C. Irradiance at the fruit was 0 
(•) , 50 (<$>) or 200 (O) umol nr2 s"1 PAR. Data 
are means of 6 replicate plants. SEmean is given for 
the last data-point. 
0 4 8 12 16 20 24 
Hours after start of the night 
FIG. 2. Effect of fruit darkening on the diurnal 
course of the elongation rate of the cucumber fruit 
at axil 9 when 5 fruits were left on the plant at 
25°C. 
The elongation rate was calculated relative to the 
average rate during the 24 h period. Data are 
means of 3 replicate plants ± SEmean (when larger 
than symbol size). Per fruit the data are based on 
10-15 d. 
O, illuminated fruit (200 umol nr2 s"1 PAR); 
• , darkened fruit. Solid bar designates night-time. 
The respiration rates of both illuminated 
and darkened fruits remained fairly constant 
during the night period (Fig. 3). During day-
time the respiration rates of both illuminated 
and darkened fruits increased until about 6-7h 
after start of the day-time and subsequently 
declined. The respiration rates of illuminated 
fruits decreased and increased rapidly (almost 
stepwise) when the lights were turned on or 
off, respectively. The respiration rates of 
darkened fruits did not respond to the 
switching of the light. Shading did not signifi-
cantly affect the respiration rate during the 
night period irrespective of the ontogenetic 
stage (data not shown). 
The night-time CO2 efflux rate per fruit 
followed a sigmoid curve during fruit onto-
geny (Fig. 4). The day-time CO2 efflux rate 
initially increased until about 6d after anthesis 
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FIG. 3. Effect of fruit darkening on the diurnal 
course of the C02 efflux rate of the cucumber fruit 
at axil 9, 15d after anthesis, when 5 fruits were 
left on the plant, at 25 °C. The pattern shown is 
typical for the diurnal course of a great number of 
observations. 
O, illuminated fruit (200 umol m"2 s"1 PAR); 
• , darkened fruit. Solid bar designates night-time. 
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Days after anthesis 
FIG. 4. The C02 efflux rate of the cucumber fruit 
at axil 9 at night (•) or day-time (O) as a function 
of time after anthesis when 5 fruits were left on the 
plant, at 25 °C. Irradiance at the fruit was 200 u. 
mol m-2 s"1 PAR during day-time. The curve of 
the C02 exchange rate at night was fitted by the 
Richards function. Data are means of 6 replicate 
plants. SEmeans are given for the last data-points. 
prevailing irradiance (200 umol nr2 s_1 PAR 
incident on the fruit), CO2 exchange meas-
urements during day-time showed at all stages 
a net CO2 efflux. The rate of gross fruit pho-
tosynthesis was calculated as the difference 
between C0 2 gas exchange rate during night 
and day-time. The rate of this calculated pho-
tosynthesis per fruit followed a sigmoid curve 
during fruit ontogeny (Fig. 5A). This rate 
continued to increase for a longer period than 
the night CO2 efflux rate, which is why day-
time CO2 efflux rate finally declined with fruit 
age (Figs 4, 5A). Shortly after anthesis the 
rate of calculated photosynthesis per fruit sur-
face area declined rapidly but finally declined 
only slightly with time after anthesis (Fig. 5B). 
Photosynthesis was reduced by 60-65% when 
the photosynthetically active radiation incident 
on the fruit decreased from 200 to 50 
mmolm^s"1. 
Restricting the number of fruits retained 
from five to one fruit per plant strongly in-
creased fruit size but not ontogeny (Chapters 
4.3, 4.5.2); at 19d after anthesis dry weight of 
unshaded fruits was 77g and 20g per fruit for 
plants with 1 or 5 fruits, respectively. The cal-
culated photosynthetic rate per fruit was also 
strongly increased by reducing the number of 
fruits retained (Fig. 5A). However, the calcu-
lated photosynthetic rate per unit dry weight 
was reduced (data not shown). The calculated 
photosynthetic rate per unit fruit surface area 
was similar for fruits from plants with 1 or 5 
fruits (Fig. 5B). 
To study the effects of fruit temperature on 
fruit photosynthesis, the calculated fruit pho-
tosynthesis was plotted against the tempera-
ture sum (Fig. 6), because in cucumber fruit 
ontogeny closely relates to temperature sum 
(Chapter 4.4). Temperature (20, 25 or 30°C) 
had no pronounced effect on rate of calcu-
lated fruit photosynthesis both per fruit or unit 












p / / 
/* 
9









0 10 20 30 
Days after anthesis 
FIG. 5. Effect of fruit shading and number of com-
peting fruits per plant on the calculated rate of 
photosynthesis (difference between C0 2 exchange 
in light and dark) of the cucumber fruit at axil 9, 
at 25°C. One (circles) or five fruits (squares) were 
retained per plant and irradiance at the fruit was 
50 (closed symbols, solid lines) or 200 umol m"2 
s"1 PAR (open symbols, dashed lines). The cal-
culated rate of photosynthesis was expressed per 
fruit (A) or per unit surface area of the fruit (B). 
A. Per treatment combination of fruit number and 
irradiance, curves were fitted by the Richards 
function; B. per irradiance level curves were fitted 
by an exponential function. 
Data are means of 3 or 6 replicate plants for plants 
with 1 or 5 fruits, respectively. SEmeam are given 
for the last data-points. 
lated fruit photosynthetic rate seemed to be 
highest at 25°C. 
The contribution of fruit photosynthesis to 
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FIG. 6. Effect of fruit temperature on the calcu-
lated rate of photosynthesis (difference between 
C0 2 exchange in light and dark) of the cucumber 
fruit when 1 fruit was left on the plant at axil 9. 
Irradiance at the fruit was 200 umol irr2 s_1 PAR. 
The calculated rate of photosynthesis was ex-
pressed per fruit (A) or per unit surface area of the 
fruit (B). Using data of all three temperatures, 
curves were fitted by the Richards function (A) or 
an exponential function (B). 
Data are means of 3 replicate plants. SEmeans are 
given for the last data-points. 
D,20°C;O,25°C;A,30°C. 
(respiration and dry matter increase) ac-
counted for up to 15% at anthesis in unshaded 
fruits (Fig. 7). This contribution declined until 
a minimum (1-2%) at about 5d after anthesis 
and increased steadily thereafter. The pattern 
of this time course was not affected by num-
ber of fruits per plant (Fig. 7), temperature or 
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Days after anthesis 
FIG. 7. The daily contribution of the calculated 
fruit photosynthesis to the total carbon require-
ment (for growth and respiration) of the fruit when 
1 (O) or 5 fruits (•) were left on the plant, at 
25°C and an irradiance at the fruit of 200 umol 
m~2 s"1 PAR. Data are means of 3 or 6 replicate 
plants for plants with 1 or 5 fruits, respectively. 
fruit shading (data not shown). The initial de-
crease in the relative photosynthetic contribu-
tion of the fruit itself to its carbon requirement 
was the result of a strong increase in dry mat-
ter growth rate (data not shown). Thereafter, 
this rate slowed down, while the photosyn-
thetic rate per fruit increased (Fig. 5A). Fruit 
photosynthesis contributed up to 5% of the 
cumulative carbon requirement of the fruit at 
19 d after anthesis (Table 1). The relative 
photosynthetic contribution decreased with in-
creasing temperature or decreasing irradiance 
and was highest when competing fruits re-
duced fruit growth (Table 1). 
Discussion 
Fruit darkening had no significant photomor-
phogenetic effect on fruit growth (Fig. 1), 
while the cumulative photosynthetic contribu-
tion of a fruit to its own carbon requirement 
ranged from 1 to 5% (Table 1). Fruit photo-
synthetic rates of the control fruits of the 
shading experiment were not large enough to 
provide statistically significant differences in 
fruit dry weight. Moreover, the contribution 
of fruit photosynthesis to the carbon require-
ment of the total plant must even have been 
lower than that to the carbon requirement of 
the fruit. As in our experiments the tempera-
TABLE 1. The cumulative contribution of the calculated fruit photosynthesis to the total carbon require-
ment (for growth and respiration) of the fruit under different growing conditions (number of fruits per 
plant, fruit shading and temperature). Data are means of 6 or 3 replicate plants at 285°C d (19d) or at 
300°C d (30, 20 and 15d at 20, 25 and 30°C, respectively) for the experiments on fruit number x shading 
or temperature, respectively. 
Temperature No. of fruits 
(°C) per pi 




















































ture and composition of the air around the 
fruit were controlled, in contrast to the ex-
periments described in the literature, the 
growth reduction induced by fruit darkening 
described in the literature might be due to ef-
fects of darkening on temperature or air com-
position. The conclusion that light had no di-
rect effect on fruit growth is also corroborated 
by the diurnal course of the fruit elongation 
rate, which was not affected by darkening the 
cucumber fruit (Fig. 2). A sudden transient in-
crease in elongation rate of a fruit or leaf 
when the lights of the climate chamber were 
switched off and a decrease when they were 
switched on, seem to be general phenomena 
(Christ 1978, Cutler et al. 1980, Hole & Scott 
1984, Verkleij & Baan Hofman-Eijer 1988, 
Pearce et al. 1993). These authors suggested 
that the transient effects when the lights 
turned on or off are likely due to changes in 
water status of the plant. 
Changes in CO2 exchange rates of illumi-
nated fruits during the light period were likely 
due to changes in respiration rates rather than 
in photosynthetic rates, because both illumi-
nated and darkened fruits showed similar 
changes (Fig. 3). Schapendonk & Challa 
(1981) for cucumber and Walker & Ho 
(1977) for tomato observed also maximal 
respiration rates of darkened fruits at about 
midday. Walker & Ho (1977) suggested that 
the diurnal pattern in respiration rate might 
reflect a diurnal pattern of assimilate import. 
During the light period, the time-course of 
respiration rate of fruits showed an almost 
similar pattern as that of fruit elongation, but 
with a time-lag (Figs 2, 3). This might indicate 
a relationship between rates of fruit expansion 
and respiration. Verkleij & Baan Hofman-
Eijer (1988), measuring C14-import and fruit 
expansion of cucumber fruits, concluded that 
the accumulation of dry matter and volume 
expansion are out of phase during a day/night 
cycle. Hence, a close relationship between the 
diurnal pattern of respiration and fruit 
expansion is not expected. 
The photosynthetic rate per fruit, calcu-
lated by the difference between rates of CO2 
exchange in light and dark, increased during 
fruit ontogeny because of an increase in fruit 
surface area (Fig. 5A). However, the photo-
synthetic rate expressed per unit surface area 
decreased (Fig. 5B). The initial rapid decrease 
in photosynthetic rate per unit surface area 
could for a small part be due to the irregular 
surface of young fruits, which disappears 
during fruit ontogeny. This might have led to 
an underestimation of the surface area of small 
fruits and hence an overestimation of the pho-
tosynthetic rate per unit surface area. The de-
crease in photosynthetic rate per unit surface 
area during fruit ontogeny is probably also the 
result of a decrease in chlorophyll content 
during ontogeny of a cucumber fruit (Handley 
et al. 1983). In addition, Piechulla et al. 
(1987) measuring photosynthetic proteins and 
electron transport, showed that in tomato the 
photosynthetic capacity decreased during 
maturation of fruits. The photosynthetic rate 
per unit surface area did not depend on fruit 
size, as this rate remained the same when the 
number of fruits per plant was reduced from 5 
to 1 (Fig. 5B) which increased fruit weight 
about four times. The photosynthetic activity 
per unit surface area of fruits was much 
smaller than that of leaves in cucumber: 
Estimating the rate of gross leaf photosynthe-
sis by using a simulation model (after 
Farquhar et al. 1980), indicated that the calcu-
lated photosynthesis of fruits (from 10 days 
after anthesis) was about 20-30% as efficient 
as that of leaves. Compared with the photo-
synthetic activity of leaves, photosynthesis of 
bean pods was 26% as efficient (Crookston et 
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al. 1974), while cotton fruits were 35-40% as 
efficient (Wullschleger et al. 1991). 
Calculations by a simulation model (after 
Farquhar et al. 1980) indicate that at low ir-
radiance the rate of gross leaf photosynthesis 
shows a broad temperature optimum. 
Accordingly, under our conditions (200 
u.mol nr2 s_1 PAR) the calculated rate of fruit 
photosynthesis appeared to be almost insensi-
tive to temperature between 20 and 30°C 
(Fig. 6). However, Pavel & DeJong (1993a) 
reported that the photosynthetic rate per unit 
dry weight of peach fruits increased up to 
temperatures of 35°C. 
The relative contribution of fruit photosyn-
thesis to the carbon requirement of the fruit 
depended on fruit temperature, fruit shading, 
number of competing fruits and ontogenetic 
stage of the fruit (Fig. 7, Table 1). This con-
tribution increased with increasing fruit pho-
tosynthesis or decreasing carbon requirement 
(decreasing growth rate and/or respiration). 
Especially in young and old fruits the relative 
photosynthetic contribution was high. The 
rapid decline in fruit photosynthetic contribu-
tion shortly after anthesis indicates that before 
anthesis this contribution might be higher than 
10%. As the photosynthetic rate per unit sur-
face area was not affected by fruit growth 
rate, the relative photosynthetic contribution 
in slow-growing fruits which are more prone 
to abortion will even be higher. In these fruits, 
the contribution of fruit photosynthesis might 
be just enough to prevent abortion. 
Accordingly, darkening of flowers or young 
fruits has been reported to increase fruit abor-
tion (Schapendonk & Brouwer 1984, Heindl 
& Brun 1983). However, this observed effect 
on abortion could also partly be a photomor-
phogenetic effect. The photosynthetic contri-
bution of a cucumber fruit to its own carbon 
requirement was rather low compared to re-
productive structures in other species (see re-
view in Introduction). This might be due to 
the fact that cucumber fruits are relatively 
large and therefore have a low ratio between 
surface area and weight. In addition, they 
have a high carbon requirement (high growth 
rate). 
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4.5.2. C02 exchange rate of individual fruits: 
Fruit respiration 
Marcelis, L.F.M. & Baan Hofman-Eijer, L.R., 1994. Growth and maintenance respiratory costs 
of cucumber fruits as affected by temperature, and ontogeny and size of the fruits. Physiologia 
Plantarum (Submitted). 
Abstract. The rates of dry weight increase and respiration of fruits were measured throughout 
fruit ontogeny at 20, 25 and 30°C in cucumber {Cucumis sativus L. cv. Corona). By maintaining 
one or five fruits per plant, which strongly affected fruit dry weight but not ontogeny, the effects 
of fruit size and ontogeny on respiration could be studied separately. The respiration rate per 
fruit followed a sigmoid curve during fruit ontogeny, while the specific respiration rate 
(respiration rate per unit dry weight) declined with time after anthesis. The specific respiration 
rate was almost linearly related to the relative growth rate. The specific respiratory costs for 
both growth and maintenance were highest in young fruits, but were not affected by fruit size. 
The average specific respiratory costs for growth and maintenance at 25°C were 3.3-3.9 mmol 
CO2 g"1 and 4.0 nmol CO2 g"1 s_1, respectively. An increase in temperature had no effect on the 
specific respiratory costs for growth, while the costs for maintenance increased with a Q10 of 
about 2. The costs for growth agreed reasonably with theoretical estimates based on the chemi-
cal composition of the fruits but not with estimates based on only the carbon and ash content. 
The respiratory losses as a fraction of the total carbon requirement of a fruit changed during fruit 
ontogeny, but were independent of temperature and were similar for slow- and fast-growing 
fruits. The cumulative respiratory losses accounted for 13-15% of the total carbon requirement. 
Introduction 
A large amount of the photosynthetic gains of 
a plant is normally lost by respiration (Amthor 
1984). Unfortunately, there is only a limited 
amount of data on respiratory efficiency of re-
productive organs (Lambers 1985). Respira-
tion can be separated conceptually into two 
functional components: growth respiration 
and maintenance respiration (Thornley 1970). 
Growth respiration is defined as the respira-
tion associated with the synthesis of new 
biomass and depends on the chemical com-
position of this biomass (Penning et al. 1974). 
Maintenance respiration is defined as the 
respiration associated with the maintenance of 
the current biomass, including protein turn-
over (De Visser et al. 1992), maintenance of 
gradients of metabolites and ions (Bouma & 
De Visser 1993) and processes involved in ac-
climating the plant to environmental changes 
(Penning De Vries 1975). 
Growing conditions may affect growth 
respiration and maintenance respiration in dif-
ferent ways and as a result may affect the 
fraction of carbon lost in respiration. The 
specific respiratory costs for maintenance 
(maintenance respiration per unit dry weight) 
strongly increase with increasing temperature 
(Amthor 1984, Lambers 1985). However, the 
specific respiratory costs for growth 
(respiration per unit dry weight increase) are 
generally independent of temperature, but the 
total growth respiration of a plant or organ 
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may change when its growth rate is affected 
by temperature (Penning De Vries et al. 
1974). In addition, the specific respiratory 
costs for maintenance and growth may change 
with ontogeny and/or size of an organ 
(Walker & Thornley 1977, Hole & Barnes 
1980). As the size of an organ in many studies 
was a function of its age only, the effects of 
organ size may have been confounded with 
ontogenetic effects on respiration. 
The aim of this study was to quantify the 
respiratory losses for maintenance and growth 
of a cucumber fruit. By maintaining one or 
five fruits per plant, which strongly affected 
fruit dry weight accumulation but not fruit on-
togeny (Chapter 4.3), the effects of fruit size 
and ontogeny on respiration could be studied 
separately. In addition, the effects of tempera-
ture on the respiratory losses were analysed. 
Materials and methods 
Plants of a parthenocarpic variety of cucum-
ber {Cucumis sativus L. cv. Corona) were 
grown in a climate chamber. For 14 h per day, 
photosynthetically active radiation (PAR) just 
above the plants was 675 UMnol nr2 s_1 
(Philips SON-T 400W high pressure sodium 
lamps). The temperature during both day and 
night was 25°C, except for the experiment on 
fruit temperature where plants were grown at 
20°C from 28 days after sowing and the fruits 
at 20, 25 or 30°C. 
One (at leaf axil 9) or five fruits (at leaf ax-
ils 6, 7, 9, 11, 12) were retained per plant. 
While remaining attached to the plant, the 
ovary and subsequently the fruit at leaf axil 9 
were enclosed by a cylindrical cuvette in 
which temperature (20, 25 or 30°C), C0 2 
concentration (350 umol mol"1) and relative 
humidity (75%) of the air were controlled. 
From anthesis onwards, dry weights of the 
fruits were estimated non-destructively from 
daily measurements on fruit volume as de-
scribed in Chapter 4.1. Respiration of the 
fruits was measured daily for 15-30 minutes 
between the second and fifth hour after start 
of the dark period, using an open system with 
a differentially operating infra-red gas ana-
lyser. In all calculations the measured respira-
tion rate was assumed to be equal to the 24h 
average, because between 2 and 5 h after start 
of the dark period the respiration rate was 
fairly close to the 24h average (Chapter 
4.5.1). On each day at least 2 out of each 3 
fruits were measured and each fruit was 
measured at least on 2 out of each 3 days. Per 
fruit missing values were linearly interpolated 
between the day before and the day after. 
S-shaped curves were fitted by the 
Richards function (Richards 1959). According 
to Chapter 4.4 the temperature sum was cal-
culated as: 
X=t(T-l0) 
where X is temperature sum after anthesis (°C 
day or °C s), t is time after anthesis (day or s) 
and T is temperature (°C). More details on 
materials and methods have been described 
previously (Chapter 4.5.1). 
In the experiment on fruit number, data 
were the average of the fruits at leaf axil 9, 
which were grown in transparent, shaded (by 
cheese cloth) or darkened cuvettes at 25°C. 
Shading or darkening had no significant effect 
on fruit growth (Chapter 4.5.1) nor C02 ex-
change rate during the dark period (data not 
shown). The data were based on 18 fruits for 
plants with 5 fruits (with one missing value 
due to abortion of one darkened fruit) and on 
9 fruits for plants with 1 fruit. In the experi-
ment on fruit temperature, fruits were grown 
in transparent cylindrical cuvettes at 20, 25 or 
30°C with only one fruit per plant. Data were 
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means of 3 replicate fruits. For determinations 
of the carbon and ash concentrations, plants 
and fruits (not enclosed by cuvettes) were 
grown at 20 or 25°C with 1 or 5 fruits per 
plant. Fruits were harvested periodically. 
Respiration of these fruits was not measured. 
Determination of the carbon and ash concen-
trations 
The carbon content of the fruits was deter-
mined by a Hereaus CHN-rapid-analyzer 
(Germany) according to the Dumas method. 
Ash content of the fruit was measured after 
combustion of the fruit at 550°C for at least 1 
hour. Concentrations were expressed per g 
dry weight (after drying at 100°C for at least 
48h). 
Estimation of specific costs for growth and 
maintenance 
Respiration was described to comprise main-
tenance and growth respiration (after McCree 
1970, Thornley 1970): 
R = mW + g 
dW 
dt (1) 
where R is the respiration rate per fruit (umol 
CO2 s-1), W is the dry weight per fruit (g), 
dW/dt the growth rate (dry weight increase) 
per fruit (g s_1) and m and g represent the re-
spective coefficients of the specific respiratory 
costs for maintenance (umol CO2 g"1 s_1) and 
growth (umol CO2 g"1). The parameters m 
and g were estimated by performing a linear 
multiple regression analysis on the data of 
respiration, dry weight and rate of dry weight 
increase of the individual fruits. In order to in-
vestigate the effects of time, fruit size and 
temperature, extra parameters for time after 
anthesis, number of fruits per plant and tem-
perature were added to the regression equa-
tion. 
Dividing by W, Eqn 1 can be written as 
R 1 dW 
— = m+g (2) 
W W dt 
where R/W is the specific respiration rate 
(umol C 0 2 g"1 s"1) and 1/WdW/dt the relative 
growth rate (s_1). Equation 2 shows that the 
specific respiration rate is linearly related to 
the relative growth rate when the specific 
respiratory costs for maintenance and growth 
are constant. 
The specific respiratory costs for growth 
(g) were also estimated from the ash and car-
bon concentrations after Vertregt & Penning 
De Vries (1987): 
g = (4.24C+1.17A-1744J/0.044 (3) 
where C and A are the carbon and ash con-
centrations of the dry matter (mg g"1), re-
spectively. 
Results 
Restricting the number of fruits per plant from 
five to one strongly increased fruit growth 
(Fig. 1). The number of fruits had no pro-
nounced effect on the time at which the 
maximum growth rate was reached, indicating 
that the growing period was unaffected (Fig. 
1). Like the dry weight, the respiration rate 
per cucumber fruit followed a sigmoid curve 
during fruit ontogeny (Fig. 2A). The specific 
respiration rate (respiration rate per unit dry 
weight) declined with time after anthesis (Fig. 
2B). From 3-4 d after anthesis, the specific 
respiration rate was linearly related to the 
relative growth rate (Fig. 2C). However, the 
first few days after anthesis the specific respi-
ration rate was definitely higher than predicted 
from this linear relationship, because always a 
strong decrease in specific respiration rate was 



















Days after anthesis 
FIG. 1. The dry weight (A), rate of dry weight 
growth (B) and relative growth rate (C) of the cu-
cumber fruit as a function of time after anthesis 
when 1 (O ) or 5 ( • ) fruits were left on the plant, 
at 25°C. 
The curves for dry weight were fitted by the 
Richards function. 
Data are means of fruits at axil 9 of 9 or 18 repli-
cate plants for plants with 1 or 5 fruits, respec-
tively. SEmeans are given for the last data-points 
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FlG. 2. The respiration rate per fruit as a function of 
time after anthesis (A) and the specific respira-
tion rate of the cucumber fruit as a function of time 
after anthesis (B) or relative growth rate (C) when 
1 (O) or 5 (•) fruits were left on the plant, at 25°C. 
A. Curves were fitted by the Richards function. 
C. Line was calculated by regression equation 1 
from Table 1 (R = 0.004W + 3900ÓW/dt). For 
the first 5 data-points the numbers indicate days 
after anthesis. Data are means of fruits at axil 9 of 
9 or 18 replicate plants for plants with 1 or 5 
fruits, respectively. SEmeans are given for the last 
data-points (when larger than symbol size). 
Fruit respiration 
TABLE 1. Comparison of equations fitted to respiration rates of cucumber fruits when 1 or 5 fruits were 
retained per plant, at 25°C. Respiration rate per fruit (/?) was fitted as a function of fruit dry weight (W), 
rate of fruit dry weight increase (dWVdf), number of fruits per plant (N) and/or days after anthesis (X). 
Data are based on 9 plants with 1 fruit and 18 plants with 5 fruits from anthesis until 19 or 26 days, re-
spectively. 
Eqn Algebraic form 
number 
No. of model % variance Parameter values*' 
parameters accounted for 
(1) R = mW + g dW 
df 
97.8 m=4.0 lO"3; g=3.9 103 
AW 
(4) R=mW+g + nN 
df 
97.8 (n not significant) 
AW 
(5) R=mW+g + zX 
At 
AW (6) R = (nh+m2X)W + (g]+g2X)—- 4 
at 
98.2 m=4.4 10"3; g=4.0 103; 
z=-l.l 10"3 
98.7 m,=9.3 10"3; m2=-0.12 10"3; 
gx=5A 103; g2=-0.39 ! ° 3 
*) m, mj in umol C0 2 g"1 s"1; g, gx in umol C0 2 g"1; z in umol C0 2 s"1 d"1; m2 in umol C0 2 g"1 s"1 d~] 
g2 in umol C0 2 g"1 d"' 
Parameter values are shown when significant (P<0.05) 
rate increased shortly after anthesis (Fig. 1C). 
Fitting Eqn 1 in which respiration rate per 
fruit increases linearly with both the dry 
weight and growth rate resulted in a high per-
centage variance accounted for (Table 1, Fig. 
2C). Adding time after anthesis to the regres-
sion model slightly improved the fitting (Eqn 
5 in Table 1). The small negative value of pa-
rameter z indicates that the specific respira-
tory costs for maintenance and/or growth 
slightly decreased during fruit ontogeny. 
Adding time-dependent costs for maintenance 
and growth to the regression equation sug-
gests that both decreased during fruit onto-
geny (Eqn 6 in Table 1). However, the pa-
rameter estimates of this equation are not that 
reliable because of correlations between the 
parameter estimates. In the regression analy-
sis, respiration rate per fruit (Eqn 1) was pre-
ferred to the specific respiration rate (Eqn 2) 
as the dependent variable, because for the lat-
ter the percentage variance accounted for was 
much lower (98% compared to 45%) and the 
magnitude of the residuals was related to time 
(data not shown). 
Restricting the number of fruits per plant 
from five to one strongly increased the respi-
ration rate per fruit (Fig. 2A), but the specific 
respiration rate was almost the same regard-
less whether one or five fruits were retained 
(Fig. 2B). However, shortly after anthesis the 
specific respiration rate was stimulated by re-
stricting the fruit number from five to one. 
This difference in specific respiration rate was 
associated with a difference in relative growth 
rate. Except for the first three days after an-
thesis, the relationship between specific respi-
ration rate and relative growth rate was not 
affected by the number of fruits retained, 
which was corroborated by the regression 
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analysis: adding a term for fruit number to 
Eqn 1 did not improve the fitting (Eqn 4 in 
Table 1). 
As fruit ontogeny is closely related to the 
temperature sum (Chapter 4.4), effects of 
temperature on respiration were studied by 
plotting the respiration rate against the tem-
perature sum (Fig. 3). Respiration rate per 
fruit increased with increasing temperature 
(between 20 and 30°C). When the rate of fruit 
respiration was expressed per unit tempera-
ture sum (degree second) instead of per sec-
ond, the respiration rate was the same for all 
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FIG. 3. Effect of fruit temperature on the respira-
tion rate of the cucumber fruit when 1 fruit was 
left on the plant at axil 9. The respiration rate per 
fruit was expressed per second (A) or per degree 
second (B). Curves were fitted by the Richards 
function for each temperature treatment (A) or for 
data of all three temperatures together (B). Data 
are means of 3 replicate plants. SEmeans are given 
for the last data-points. D, 20°C; O, 25°C; A, 
30°C. 
FIG. 4. The carbon and ash concentrations of the 
fruit (A) and the estimated specific respiratory 
costs for growth of the fruit as a function of time 
after anthesis (B). One (open symbols) or five 
fruits (closed symbols) were retained per plant at 
20 (am), 25°C (O») or 30°C (AA) (carbon 
concentration was not measured at 30°C). 
A. The data on carbon concentration were fitted by 
a linear line, while those on ash by an exponential 
curve. Each data-point represents one fruit. 
B The costs for growth respiration were calculated 
by using Eqn 3 and the fitted curves of the carbon 
and ash concentration. 
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TABLE 2. Comparison of equations fitted to respiration rates of cucumber fruits at 20, 25 and 30°C when 
1 fruit was retained per plant. Respiration rate per fruit expressed per second (R) or per degree second 
(/?7) was fitted as a function of fruit dry weight (W), rate of fruit dry weight increase per second (dW/dt) 
or per degree second (dW/dt,.), temperature (T) and/or temperature x dry weight. Data are based on 9 
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m=3.0 10"3; g=4.0 103 
m^2.6 lO"4; g=3.3 103 
(z not significant) 
m=-3.9 10-3;m,=3.1 10"4; 
g=3.3 103 
*)m in umol C0 2 g"1 s"1; mT in |imol C0 2 g"1 (°C s)"1; g in umol C0 2 g"1 
Parameter values are shown when significant (P<0.05) 
Expressing the rate per unit temperature sum, 
the respiration rate of fruits at different tem-
peratures could be satisfactorily described by 
an equation with only 2 parameters: one pa-
rameter for maintenance respiration and one 
for growth respiration but no parameter for 
temperature effects (Eqns 7 and 8 in Table 2). 
When the concept of temperature sums was 
not used, an equation with 3 parameters was 
needed to describe the respiration rate at dif-
ferent temperatures (Eqn 9 in Table 2). From 
these regression equations it can be deduced 
that the specific respiratory costs for mainte-
nance increased with a Qjrj of about 2; the 
specific respiratory costs for maintenance at 
30°C was 2.0 or 2.3 times that at 20°C for 
equation 7 or 9, respectively. The specific 
costs for growth seemed not to be affected by 
temperature. 
The carbon concentration decreased 
slightly but significantly during fruit ontogeny 
(Fig. 4A). The ash concentration of a cucum-
ber fruit also decreased (Fig. 4A). The ash and 
carbon concentrations were not affected by 
fruit number or temperature. The specific 
costs for growth, calculated from the ash and 
carbon concentrations according to Vertregt 
& Penning De Vries (1987), decreased during 
fruit ontogeny (Fig. 4B). This estimate of the 
specific respiratory costs for growth (7-11 
mmol CO2 g"1, Fig. 4B) was more than twice 
the estimate derived from the regression 
analysis (3.9 C 0 2 mmol g"1; Table 1). 
The time courses of growth respiration and 
maintenance respiration (Fig. 5A) reflect those 
of growth rate and dry weight (Fig. 1), re-
spectively. In young fruits, maintenance respi-
ration was only a small fraction of the total 
daily respiration, while from 5d after anthesis 
(at 25°C) this fraction continuously increased 
with time (Fig. 5B). The contribution of main-
tenance processes to the cumulative total res-
piration was estimated to be 40-50% at about 




Days after anthesis 
FIG. 5. The growth (Rg> O), maintenance (Rm, D) 
and total calculated respiration rate (R, • ) per 
cucumber fruit (A) and the daily contributions of 
maintenance to the total calculated respiration (B) 
and of the total measured respiration to the total 
carbon requirement (for dry weight increase and 
respiration) (C) as a function of time after anthesis 
at 25°C. The calculated respiration was estimated 
by regression equation 1 from Table 1 (R-Rm+R„; 
flm=0.04W; /?g=3900dW/dï). 
A. One fruit was left on the plant. 
B,C. One (O ) or 5 fruits (• ) were left on the plant. 
Data are means of fruits at axil 9 of 9 or 18 replica-
te plants for plants with 1 or 5 fruits, respectively. 
perature or number of fruits per plant (Table 
3). However, the estimate of the specific costs 
for growth were somewhat higher in the ex-
periment on fruit number than in the experi-
ment on temperature (Eqn 1 and 7 in Tables 
1,2). During the first few days after anthesis, 
when the fruit growth rate increased rapidly 
(Fig. IB), the total daily respiratory losses 
(growth and maintenance components) as a 
fraction of the total daily carbon requirement 
of the fruit declined strongly (Fig. 5C); there-
after, this fraction increased gradually while 
the growth rate decreased. The pattern of the 
time courses of the relative contributions of 
maintenance and total respiration to respec-
tively total respiration and total carbon re-
quirement were not affected by temperature 
(data not shown) or number of competing 
fruits (Figs 5B, C). Fruit respiration ac-
counted for 13-15% of the total cumulative 
carbon requirement of the fruit, irrespective of 
temperature or number of fruits competing for 
assimilates (Table 4). 
Discussion 
In most studies, organ size is directly corre-
lated with ontogeny and therefore it is difficult 
to discriminate between effects of organ size 
and ontogeny. In accordance with Chapter 
4.3, restricting the number of fruits competing 
for assimilates strongly increased the dry 
weight growth but not ontogeny of the fruits 
(growing period was not affected) (Fig. 1). 
This enabled us to study the effects of fruit 
size separately from ontogenetic effects. 
Changes in respiration rates per fruit associ-
ated with ontogeny or number of competing 
fruits per plant could largely be ascribed to 
differences in dry weight and growth rate and 
only to a minor extent to differences in spe-
cific costs for maintenance and growth (Fig. 
2, Table 1). In pea (Hole & Barnes 1980) and 
tomato fruit (Walker & Thornley 1977) 
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TABLE 3. The effect of number of fruits per plant and fruit temperature on the cumulative maintenance 
respiration (Rm), growth respiration (Rg) and total respiration (Rtotal=Rm+Rg) per fruit. Respiration was 
calculated from fruit dry weight and the specific respiratory costs for growth and maintenance as 
estimated by Eqn 1 (Table 1) or Eqn 7 (Table 2) for experiments on fruit number and temperature, 
respectively, n indicates number of replicate plants. Data were cumulated from anthesis until 285°C d 
(19d) or 300°C d (30, 20 and 15d at 20, 25 and 30°C, respectively) for the experiments on fruit number 
or temperature, respectively. 
Temperature No. of fruits 
(°C) per 
Effect of fruit number 
25 1 
25 5 







































TABLE 4. The effect of number of fruits per plant and fruit temperature on the cumulative carbon re-
quirement for dry matter and total respiration (growth and maintenance) per fruit. The C requirement for 
dry matter was calculated from the dry weight and C concentration (0.46g g"1); respiration was based on 
daily measurements of respiration, n indicates number of replicate plants. Data were cumulated from an-
thesis until 285°C d (19d) or 300°C d (30, 20 and 15d at 20, 25 and 30°C, respectively) for the experi-
ments on fruit number or temperature, respectively. 
Temperature 
(°C) 


























































the specific costs for maintenance decreased 
with time or fruit size. Our data on cucumber 
suggest that the specific costs for both growth 
and maintenance were highest in young fruits, 
but were not affected by fruit size (Fig. 2, 
Table 1). 
Shortly after anthesis, the specific respira-
tory costs were higher than expected from the 
linear relationship between specific respiratory 
costs and relative growth rate (Fig. 2C). This 
difference might be the result of an increased 
respiration associated with cell division, as 
this difference coincided with the major period 
of cell division (Chapter 4.2). 
The observed decrease in the specific respi-
ration rate with increasing fruit ontogeny (Fig. 
2B) and hence with increasing weight of cu-
cumber fruits is in accordance with results re-
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ported on other fruits (Hole & Barnes 1980, 
Jones 1981, Walton & DeJong 1990, Pavel & 
DeJong 1993a). This decrease in specific 
respiration rate appeared to be the result of 
both a decrease in the relative growth rate and 
a decrease in the specific respiratory costs for 
growth and maintenance during fruit ontogeny 
independently of fruit size. 
The estimates of the specific costs for 
growth as derived from the regression analysis 
(3.3-3.9 mmol C0 2 g"1; Tables 1, 2) are 
within the large range of values obtained for 
reproductive organs; e.g. values (expressed in 
mmol CC>2 per g dry weight) reported are: 1.7 
for pea fruit (Hole & Barnes 1980) 1.0-11.7 
for tomato fruit (Walker & Thornley 1977) 
2.2-7.1 for kiwifruit (Walton & DeJong 1990, 
Walton et al. 1990), 7.0 for peach fruit 
(DeJong & Goudriaan 1989), 11.7 for cotton 
bolls (Thornley & Hesketh 1972). The specific 
costs for growth seemed to be independent of 
temperature as indicated both by the regres-
sion analysis (Table 2) and the concentrations 
of ash and carbon (Fig. 4). These results agree 
with the conclusions of Penning De Vries et 
al. (1974) that the specific costs for growth of 
plants are usually independent of temperature 
because the pathways of converting assimi-
lates into structural plant material remain the 
same. 
A decrease in specific respiratory costs for 
growth during fruit ontogeny as indicated by 
the regression analysis (Table 1) was corrobo-
rated by calculation of these costs from the 
carbon and ash concentrations according to 
the method of Vertregt & Penning De Vries 
(1987) (Fig. 4). However, these calculations 
yielded a much higher estimate than that by 
regression analysis of measured respiration 
and growth. Gijzen (1994) observed similar 
ash (128-150 mg g"1) and carbon concentra-
tions (454 mg g_1) of marketable cucumber 
fruits. From measurements of protein, lipid, 
lignin, organic acid and carbohydrate concen-
trations of these fruits, the specific costs of 
growth were estimated according to Penning 
De Vries et al. (1974) at 4.8 mmol g"1. For 
this estimation the coefficients were according 
to Spitters et al. (1989), which implicitly as-
sume that energy for NOj reduction is sup-
plied by the photosynthesis process in the 
leaves. Using a similar method Schapendonk 
& Challa (1981) estimated the specific costs 
for cucumber fruit growth to be 3.9-4.5mmol 
g"1. These theoretical values based on protein, 
lipid, lignin, organic acid and carbohydrate 
concentrations correspond reasonably to our 
values determined by regression analysis of 
respiration and growth data. These data sug-
gest that the method of Vertregt & Penning 
De Vries (1987) may not be suitable to esti-
mate the specific respiratory costs for growth 
of cucumber fruits. However, the fact that 
respiratory losses estimated by the method of 
Vertregt & Penning De Vries (1987) are 
larger than those derived from the regression 
analysis may also indicate that part of these 
losses and thus part of the conversion of as-
similates into structural biomass has occurred 
outside the fruit. 
The average specific respiratory costs for 
maintenance of a cucumber fruit at 25°C (4.0 
nmol g-1 s-1; Table 1) correspond well to the 
typical value for reproductive organs (0.01 g 
CH20 g'1 d"1 = 3.9 nmol g"1 s"1) (Penning De 
Vries & Van Laar 1982). Using the tempera-
ture sum as a measure of ontogenetic stage of 
the cucumber fruit, as described elsewhere 
(Chapter 4.4), fruits with the same ontoge-
netic stage could be compared when grown at 
different temperatures. The observed Qj0 of 
about 2 for the specific respiratory costs for 
maintenance of cucumber fruits is in agree-
ment with the general response of mainte-
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nance respiration in plants (Penning De Vries 
& Van Laar 1982, Amthor 1984, Lambers 
1985). Our data show that instead of describ-
ing temperature effects on the rate of mainte-
nance respiration per unit of actual time (s) by 
a Qio value, this effect could also be ex-
plained by a constant amount of maintenance 
respiration per unit of ontogenetic time (°C s) 
irrespective of the temperature (within the 
range studied: 20-30°C; Fig. 3, Table 2). 
The respiratory losses as a fraction of the 
total carbon requirement of a fruit changed 
during fruit ontogeny, but were independent 
of temperature and were similar for slow- (5 
fruits per plant) and fast-growing fruits (1 
fruit per plant) (Fig. 5, Table 4). In contrast to 
our study, where growth rates of fruits were 
modified by the number of competing fruits, in 
studies where plant growth rates differed be-
tween species the fractional respiratory losses 
were greatest in slow-growing plants (Poorter 
et al. 1990, Van der Werf et al. 1992). The 
absence of a difference in the fractional losses 
of slow- and fast-growing cucumber fruits can 
be explained by the fact that at the time the 
respiratory losses were greatest both the rela-
tive growth rate and specific respiration rate 
were almost similar for the slow- and fast-
growing fruits. The cumulative respiratory 
losses (13-15%) of a cucumber fruit as a frac-
tion of the total carbon requirement at 300°C 
d was between cumulative values reported for 
fruits of apple (8%, Blanke & Lenz 1989) and 
for fruits of kiwi (22%, Walton & DeJong 
1990) or peach (16-22%, DeJong & Walton 
1989, Pavel & DeJong 1993b). Moreover, the 
losses were within the range of daily values 
reported for tomato fruits (5-26%, Walker & 
Ho 1977). Although at the end of the experi-
ments the cucumber fruits were already be-
yond the marketable stage, a continuation of 
the experiments would have resulted in a 
slightly higher fraction. 
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4.6. General discussion and conclusions 
Fruits showed a sigmoid growth curve. Fruit 
development appeared to be closely related to 
the temperature sum and hence the growing 
period decreased with increasing temperature. 
The growth rate increased with increasing 
temperature, but the effect on final fruit 
weight depended on the level of assimilate 
supply. The growth rate, but not development 
(growing period from anthesis until the maxi-
mum growth rate was reached) was strongly 
dependent of the assimilate supply. As a result 
of an increase in growth rate, the growing pe-
riod from anthesis until marketable fruit de-
creased with increasing assimilate supply 
(whether a fruit is marketable depends to a 
great extent on its size). Under normal grow-
ing conditions when several fruits were 
growing on the same plant the growth rate 
was limited by assimilate supply. Irradiance 
affected fruit growth via effects on assimilate 
supply, but had no photomorphogenetic ef-
fect. Fruit growth responded immediately to a 
change in temperature or assimilate supply. 
During fruit ontogeny, cells expanded con-
tinuously, but cell division was restricted to 
the first part of the growing period. This first 
part of the growing period has often been 
suggested to be of utmost importance for the 
future growth potential of an organ (Ho 1984; 
Patrick 1988). However, the early develop-
ment of a cucumber fruit turned out not to be 
crucial for setting its growth potential (unless 
the fruit aborted). Although usually the size of 
the cucumber fruit positively correlated with 
the number of cells, cell number was not an 
important determinant of fruit size, because a 
low number of cells could be compensated to 
a great extent by a large expansion per cell. 
The potential growth rate of a fruit was not 
irreversibly impaired by a low temperature or 
low assimilate supply during the early devel-
opment. In contrast to a low temperature 
treatment, a period of high temperature at an 
early developmental stage had a marked posi-
tive effect on the subsequent growth rate. The 
competitive ability of a fruit to attract assimi-
lates was to a great extent proportional to its 
potential growth rate. However, during the 
early stages of fruit development, the com-
petitive ability of a fruit also depended on 
dominance of earlier developed fruits. 
Fruit photosynthesis contributed only to a 
small extent (1-5%) to the cumulative carbon 
requirement of a fruit. Thirteen to 15% of the 
cumulative carbon requirement of a fruit was 
respired. The specific respiratory costs for 
both growth and maintenance were highest in 
young fruits, irrespective of their size. The 
respiratory losses as a fraction of the carbon 
requirement of a fruit changed during fruit on-
togeny, but were independent of temperature 
and were similar for slow and fast growing 
fruits. 
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5. A simulation model for dry matter 
partitioning* 
Marcelis, L.F.M., 1994. A simulation model for dry matter partitioning in cucumber. Annals of 
Botany 74: 43-52. 
Abstract. A dynamic model is developed for the simulation of the daily dry matter distribution 
between the generative and vegetative plant parts and the distribution among individual fruits in 
greenhouse cucumber. The model is based on the hypothesis that dry matter partitioning is 
regulated by the sink strengths of the plant organs. The sink strength of an organ is defined here 
as its potential growth rate, i.e. the growth rate at non-limiting assimilate supply. The sink 
strength of each individual fruit is described as a function of its temperature sum after anthesis 
and the actual temperature, that of the vegetative plant parts as a function of actual temperature 
only. The formation rate of non-aborting fruits is essentially a function of the source/sink ratio. 
Model results agreed well with the measured fluctuating distribution of dry matter between fruits 
and vegetative parts. The measured effects of three intensities of fruit removal were also simu-
lated satisfactorily. When simulating the partitioning among individual fruits the final fruit size 
was simulated quite well. However, the growth rate of young fruits was usually overestimated 
and that of old fruits underestimated, because of dominance among fruits. This phenomenon 
could be accounted for by incorporating priority functions into the model. Finally, a sensitivity 
analysis of the model was performed to investigate the effects of some climatic factors, manipu-
lations of the number of fruits on a plant and model parameters on dry matter distribution. 
Strategies to manipulate the dry matter distribution are discussed. 
Introduction Marcelis (1993a) reviewed six approaches 
to model partitioning of biomass: (1) Descrip-
The simulation of dry matter partitioning is tive allometry, proposing a predetermined ra-
one of the weak features of crop growth tio between the (relative) growth rates of the 
models (France & Thornley 1984; Challa plant organs; (2) Functional equilibrium, 
1985; De Wit & Penning De Vries 1985; based on the ratio of shoot activity to root ac-
Evans 1990). Few models for biomass parti- tivity; (3) Transport and sink regulation, based 
tioning have been extensively validated and on transport and utilization of carbon and ni-
for many (greenhouse) crops quantitative data trogen; (4) Physical analogue, describing the 
on dry matter distribution are scarce. plant as a set of pools (sinks), each having a 
Moreover, the mechanism of assimilate distri- permeance and potential and each perceiving a 
bution is still only poorly understood. common plant potential; (5) Potential demand 
Therefore it is not surprising that explanatory functions of sinks, proposing the partitioning 
models often give way to empirical ones when to be determined by the potential growth rates 
they deal with the distribution of assimilates of the sinks (organs) and (6) Potential demand 
(Evans 1990). with priority functions of sinks, proposing the 
A user's manual and the source code of the model will be published as: 
Marcelis, L.F.M., 1994. FRUGRO: a simulation model for fruit growth and 
dry matter partitioning in cucumber. AB-DLO report 23, Wageningen/Haren. 119 
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partitioning to be determined by potential 
growth rates and affinities (priorities) for as-
similates of the sinks (organs). It was con-
cluded that, especially for indeterminately 
growing greenhouse crops, the approach of 
potential demand with or without priority 
functions is most suitable to model dry matter 
partitioning among individual organs such as 
fruits, or between vegetative and generative 
growth. The concept of potential demands 
with priorities of sinks includes aspects of all 
five other model approaches. Sufficient data 
are not always available to define such a 
model. The concept of potential demand 
functions is a special case of the approach of 
potential demand with priority functions, 
where all organs have the same affinity for 
assimilates. The approach of potential de-
mands (with or without priorities) of sinks has 
some mechanistic aspects and can be used to 
model dry matter distribution between any 
plant part (Marcelis 1993a). Some tentative 
models based on the concept of potential de-
mand functions have already shown promising 
results for the simulation of dry matter distri-
bution in cucumber and tomato (Schapendonk 
& Brouwer 1984; Heuvelink & Marcelis 
1989; Jones et al. 1989). 
In this paper a dynamic model with poten-
tial demand functions (with and without pri-
orities) is described to simulate the daily dry 
matter distribution between the generative and 
the vegetative parts and the distribution 
among the individual fruits in greenhouse cu-
cumber. The simulation results are compared 
with some glasshouse experiments and the 
effects of some climatic factors, manipulations 
of the number of fruits on a plant and model 
parameters on the simulation results are 
shown. 
Description of the model 
In the model, the biomass partitioning is as-
sumed to be primarily regulated by the sinks. 
This assumption is generally agreed upon 
(Gifford & Evans 1981; Farrar 1988; Ho 
1988) and appears also to be valid for cucum-
ber (Chapters 2.1.2; 2.1.3). In the model, the 
plant is described as a set of sink organs 
which derive their assimilates for growth from 
one common assimilate pool (Fig. 1). In this 
study each individual fruit and the total of the 
vegetative plant parts (including roots) are 
discerned as the sink organs. The pool with 
the assimilates available for growth is replen-
ished by photosynthesis. Part of the assimi-
lates from the assimilate pool are used for 
maintenance respiration and the remaining as-
similates are available for growth. In this 
study growth respiration is not taken into ac-
count, but this could easily be incorporated 
into the model since in general the growth 
respiration of an organ is linearly related to its 
growth rate. The growth rates of the sink or-
gans depend on the amount of assimilates 
available and on the sink strength of the or-
gans. In accordance with Wolswinkel (1985), 
the term sink strength is used to describe the 
competitive ability of an organ to attract as-
similates. The sink strength of an organ is de-
fined here as the potential capacity of a sink 
organ to accumulate assimilates. This capacity 
can be quantified by the potential growth rate 
of a sink, i.e. the growth rate under conditions 
of non-limiting assimilate supply. Differences 
in growth rates between sink organs depend 
on differences in sink strengths and, hence, the 
assimilate partitioning depends on differences 
in sink strengths. 
The time step of the model is one day. 
Firstly the number of fruits on the plant is cal-
culated as a function of the rates of fruit ap-
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gross photosynthesis) (\ 
FIG. 1. A relational diagram of the partitioning of assimilates. An assimilate pool is supplied with 
assimilates by photosynthesis. Part of the assimilates are used for maintenance respiration and the 
remainder can be used for growth of the sink organs. The growth rates of the sink organs depend on the 
amount of assimilates in the pool and the sink strengths (S) of the sinks which can be affected by 
environmental conditions (E). 
pearance, fruit abortion and fruit harvest. The 
age of each fruit is determined and the sink 
strengths of the organs are calculated. Then 
the available assimilates are distributed among 
the sinks; the distribution to each sink is pro-
portional to its sink strength relative to the 
total sink strength of all sinks together. The 
fraction of dry matter partitioned into a sink 
organ is calculated as 
si fi= -^— (1) 
where fi is the fraction of dry matter parti-
tioned into sink i; 5, is the sink strength of 
sink i (g d"1 sink"1); XS is the total sink 
strength of all sinks (g d"1 plant"1); n is the 
total number of sinks per plant. 
The growth rate of a sink organ is obtained 
by multiplying fi by the total amount of as-
similates available for growth of the plant 
(expressed as gram dry matter). However, 
when the daily assimilate supply exceeds the 
daily total potential growth rate, the growth 
rate of each sink occurs at its potential rate. In 
that case the assimilate pool is not totally de-
pleted (reserves are formed). Negative feed-
back on photosynthesis is not included in the 
model, because in cucumber this phenomenon 
occurs only when all fruits are removed from 
the plant over a prolonged period (Chapter 3). 
One of the most widely used equations to 
describe the growth response of an organ to 
the concentration of available assimilates is 
the Michaelis-Menten equation (Thornley 
1977): 
Yi=YpotjA/(KmJ+A) (2) 
where K,- is the rate of dry weight growth of 
organ i (g d"1 organ"1); Ypoti is the potential 
growth rate of organ i, the maximum rate un-
der the prevailing conditions for A—> °° (g"1 
d"1 organ"1); Kmi is the Michaelis-Menten 
constant, a low value indicates a high affinity 
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or priority of organ i for assimilates (e.g. 
g g"1); A is the level of assimilates available 
for growth in the plant, e.g. carbon reserves 
(e.g. g g"1). 
The dry matter distribution to an organ can 
be characterized by the ratio between its 
growth rate and that of all organs together. 
Using eqn 2, dry matter distribution to organ i 
(ƒ)) can now be calculated as 
(3) Ji „ 
^(YpotJ/ (KmJ + A)) 
j=i 
When all organs have the same affinity or 
priority for assimilates (Km-value), the frac-
tion of dry matter distributed to an organ 
equals the ratio of its potential growth rate to 






When the sink strength is defined as the po-
tential growth rate, eqn 1 equals eqn 4. Unless 
stated otherwise in our model ATm-values are 
ignored and dry matter partitioning is calcu-
lated by eqn 4. This model approach can be 
classified as a model with potential demand 
functions of sinks (Marcelis 1993a). 
Except for the early stages of fruit devel-
opment the dry matter distribution among cu-
cumber fruits was reported to be proportional 
to the ratios between the potential growth 
rates (Chapter 4.3). However, when earlier 
developed fruits were present on the plant, a 
reduction in assimilate supply limited the 
growth rate of a young fruit to a relatively 
greater extent than that of an older fruit, be-
cause of dominance of the older fruit over the 
young fruit. This response can be described by 
a greater ATm-value of a young fruit, when an 
earlier developed fruit is present on the plant. 
Therefore, ATm-values and the level of avail-
able assimilates have to be taken into account 
when modelling dry matter distribution to in-
dividual fruits, according to eqn 3. This model 
approach can be classified as a model with 
potential demand with priority functions of 
sinks (Marcelis 1993a). In this approach Yt 
can be considered as the sink strength of an 
organ, which depends on the potential growth 
rate, Km-value and level of available assimi-
lates. When there is no dominance among or-
gans the Km-value in the model (in eqns 2 and 
3) is set to 0. In the model it is assumed that 
the ÄTm-value of a fruit increases linearly with 
the total potential growth rate of all older 
fruits together and that the ATm-value de-
creases linearly from anthesis until the time 
(temperature sum) at which the maximum 
growth rate is reached (eqn 5). From there on 







where C is the temperature sum from anthesis 
at which the maximum growth rate is reached 
(°C d) and X, is temperature sum from anthe-
sis of fruit ( (°C d); X = t(T-\0) where t is 
days after anthesis, T is temperature (°C) and 
10 is the base temperature of 10°C 
As it is often difficult to measure the level 
of assimilates available for growth (Brouwer 
1983; Cooper & Thornley 1976; Mäkelä & 
Sievänen 1987), in the model with potential 
demand with priority functions the source/sink 
ratio, expressed as the ratio of total plant 
growth rate to total potential growth rate, is 
used as a measure for the level of assimilates 
available for growth. 
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Potential growth rate 
The potential growth rate of a cucumber fruit 
depends on the actual temperature and devel-
opmental stage of the fruit (Chapter 4.4). The 
developmental stage closely correlates with 
the temperature sum after anthesis (Chapter 
4.4). The growth of a cucumber fruit can be 
described by a Richards function (Chapter 
4.1): 
(5A/e-^'- c>) 
YPo,,i=(T -10)- ^ ^ T ^ (6) (l+De-*<xrOy 
where M is the maximum fruit dry weight (g 
fruit"1); B is a rate constant, determining the 
spread of the curve along the time 
(temperature sum) axis [(°C d)"1]; D is a con-
stant, determining when the maximum growth 
rate is reached. 
Although the potential dry weight of a fruit 
increased (slightly) with increasing tempera-
ture (Chapter 4.4), one set of parameter val-
ues could satisfactorily describe the potential 
fruit dry weight as a function of the tempera-
ture sum irrespective of temperature. The pa-
rameter values (M=60.7, B=0.0170, C=131, 
D=0.0111 and r2=0.99) were obtained by fit-
ting the Richards function to the data of 
Chapter 4.4 at 17.5, 20, 25 and 30°C until 
270°C d; the late data points (>270°C d) were 
not included in the fitting procedure as dis-
cussed before (Chapter 4.1). 
Potential growth rates of individual fruits 
could be determined by growing plants at a 
high irradiance level with only one fruit per 
plant. However, problems were encountered 
in determining the potential growth rate of the 
vegetative plant parts, because the growth 
rate kept on increasing with increasing assimi-
late supply. Therefore, an apparent potential 
growth rate of the vegetative plant parts was 
estimated by running the model with different 
values for the potential growth rate of the 
vegetative parts and choosing the value which 
gave the best linear fit of simulated against 
measured daily dry matter distribution. Apply-
ing this procedure to the data on daily dry 
matter distribution of Exp. 1 from Chapter 
2.1.2 (plants with 1 fruit retained per leaf axil 
which were measured daily) with dates of an-
thesis and harvest of the non-aborting fruits as 
input to the model, the potential growth rate 
of the vegetative parts (vegetative shoot part 
and roots) was estimated to be 7.8 g d_1 at 
18°C and 9.3 g d"1 at 24°C. A linear relation-
ship between the vegetative potential growth 
rate and temperature was assumed. The 
vegetative potential growth rate was assumed 
to be independent of the age of a crop, be-
cause the simulation results did not improve 
when the simulated vegetative sink strength 
gradually increased or decreased during the 
growing season. 
Appearance and harvest of fruits 
The appearance rate of flowers and fruits pri-
marily depends on temperature, radiation and 
fruit load (Challa & Van De Vooren 1980; 
Marcelis 1993b). However, the effects offrait 
load are negligible for appearance of fruits on 
the main stem (Marcelis 1993b). Adapting the 
formula of Challa & Van De Vooren (1980), 
the appearance rate of fruits on the main stem 
is calculated as: 
N =(-0.75 + 0.097) (i-e-0-5-°-5Ä) (7) 
where N is the rate of fruit appearance (fruits 
plant-1 d"1); Tis the temperature (°C); R is the 
photosynthetically active radiation (PAR) on 
top of the plants (MJ m~2 d_1). 
The response of the fruit appearance rate 
to temperature was derived from data on an-
thesis of fruits between leaf axils 6 and 12 at 
17.5, 20, 25 and 30°C at 6.8 MJ nr2 d"1 PAR 
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(r2=0.99). The response to irradiance was es-
timated by calibrating the formula to our own 
data and those of Newton (1963) and 
Schapendonk et al. (1984). Particularly the 
response to irradiance needs some further 
testing. 
The fruit appearance rate is not calculated 
for the fruits on the branches, because the 
number of fruits growing on the branches is 
apparently not limited by the rate of fruit ap-
pearance (Chapter 2.1.1). The number of 
fruits growing on a plant primarily depends on 
how many fruits do not abort shortly after 
anthesis, which correlates positively with the 
source strength (irradiance) (Chapter 2.1.3) 
and negatively with sink strength (fruit load 
and temperature) (Chapter 2.1.2). In addition, 
the number of young non-aborting fruits 
(younger than 5 d from anthesis) appeared to 
be positively correlated with the growth rate 
of the vegetative plant parts (Chapter 2.1.1). 
In the model the number of young non-abort-
ing fruits on a plant is described as a function 
of the source/sink ratio (ratio of total plant 
growth rate to total potential growth rate). 
Usually a decrease in source/sink ratio was 
accompanied by a decrease in number of 
young non-aborting fruits, but a time lag often 
occurred between an increase in source/sink 
ratio and in number of young fruits (data not 
shown). When the number of non-aborting 
fruits and the dry weight growth rates of the 
plants were measured daily and the sink 
strengths were simulated by the model with 
temperature and dates of anthesis and harvest 
of the fruits as input, regression analysis at 
two temperatures yielded the following equa-
tions (Exp. 1 from Chapter 2.1.2, plants with 
one fruit retained per axil which were meas-
ured daily): 
17.6°C:NR = 0.5 + 4.7 5O/57 r=0.53 
23.TC:NR= -0.4+ 8.150/5/ r=0.75 (8) 
where NR is the number (per plant) of non-
aborting fruits younger than 5 d from anthesis, 
50/5/ is the source/sink ratio expressed as the 
ratio between the total plant growth rate 
(g d~') and the total potential growth rate per 
plant (g d"l). This ratio is the minimum of the 
actual value and the average value over the 
last 5 d. In the model a linear relationship was 
assumed between the fitted regression pa-
rameters and the temperature. 
In the model fruits are harvested when they 
reach a reference weight or when they reach a 
reference temperature sum (275°C d). As 
fruits are picked at a larger size in summer 
than in winter, the reference weight is de-
scribed by a sinusoidal function of day num-
ber, with a minimum dry weight of 8 g on 21 
Dec. and a maximum weight of 16 g per fruit 
on 21 Jun. 
Materials and methods 
Experimental set-up for model validation 
Cucumber plants {Cucumis sativus L.), cv. 
Corona] were grown on an aerated modified 
Hoagland solution in air-conditioned glass-
houses. Fruits were harvested when they at-
tained the marketable stage. The data used for 
validation were not used for model develop-
ment or calibration. 
Experiment 1: Seeds were sown on 9 Mar. 
1990. Flowers were removed from axils 1, 2, 
3, 4, 5, 9, 13 and 17 of the main stem of six 
replicate plants. The number of flowers on the 
side shoots were not restricted manually. 
Dates of anthesis and harvest of each fruit 
were recorded. Growth of the fruits was 
measured non-destructively by daily meas-
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urements of the length and circumference of 
all fruits on a plant. Growth of the total plant 
excluding the roots was measured non-
destructively by placing the plant, including a 
container filled with nutrient solution and the 
frame supporting the plant on a balance. As-
suming a constant dry matter distribution to 
the roots of 3% (value measured at the end of 
the experiment) the growth rate of the total 
plant including the roots was estimated. Cu-
mulative plant weight, including all previous 
harvests, was measured destructively H i d 
after sowing. The average temperature was 
23.2°C and the average total solar radiation 
inside the glasshouse was 5.8MJnr2d_1. 
More details about this experiment have been 
described elsewhere (Chapter 2.1.1). 
Experiment 2: Seeds were sown on 28 
Mar. 1989 and plants were grown at an aver-
age temperature of 18 or 24°C. Three intensi-
ties of fruit removal were applied: one fruit 
remaining per one, three or six leaf axils. In all 
treatments no fruits were allowed to grow in 
the five lowermost leaf axils. All plants of one 
temperature treatment were harvested when 
they had formed on average about 60 leaves 
per plant (104 d after sowing at 18°C and 67 
d at 24°C). At the end of the experiment the 
cumulative weight of the vegetative parts and 
that of the fruits including all previous har-
vests were determined on three replicate 
plants per treatment. More details about this 
experiment have been described elsewhere 
(Chapter 2.1.2). 
Sensitivity analysis of the model 
In a sensitivity analysis of the model, dry 
matter distribution was simulated for a year-
round cucumber crop using average weather 
data. Simulation started at anthesis of the first 
flower, which was set at day 1 (1 Jan.). The 
simulation period ended at day 300 (27 Oct.). 
The temperature was 21°C and the C0 2 con-
centration 350 vpm. The 30-year average 
(1951-1980) global radiation data at De Bilt, 
Netherlands (Buishand et al. 1982) and the 
global radiation data of selected months from 
the 1971-1980 weather records (Breuer & 
Van De Braak 1989) were used for irradiance. 
The former data set is called the Mean-year 
and the latter is called the Select-year. The 
average irradiance was equal for both data 
sets, but the Select-year rather than the Mean-
year contained a representative variation in 
radiation. From these data the daily photosyn-
thetically active radiation inside a glasshouse 
(70% transmissivity for diffuse radiation) and 
the daily total plant growth rate (dry matter 
production rate) was calculated by the 
SUKAM model (Gijzen 1992), a model de-
scribing the light climate in glasshouses and 
growth of greenhouse crops (Fig. 2). The cal-
culated average dry matter production was 
2% higher in the Mean- than in the Se-
lect-year. Some parameter values of this 
model: assimilate requirement for the produc-
tion of 1 g dry matter was 1.45 g CH2O, 
maintenance respiration per g dry matter was 
0.015 g CH20, plant density was 1.4 plants 
per m2. The leaf area index (LAI) was 0.5 and 
plant dry weight 50 g m-2 at start of the simu-
lation period. LAI increased linearly during 
the first 50 d to a value of 3 and remained 
constant thereafter. Total plant dry weight 
was calculated by the model until it reached a 
maximum value of 400 g m-2; thereafter, plant 
dry weight was assumed to remain constant 
(an equilibrium between new growth and 
picking of fruits and old leaves was assumed). 
Input data for the simulation of dry matter 
distribution were temperature (21°C) and the 
daily photosynthetically active radiation inside 
the glasshouse and plant dry matter produc-
tion for the Mean- or Select-year. 
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FIG. 2. Time course of the calculated daily total plant growth rate (dry matter production) of cucumber 
plants for the Mean- ( ) and Select-year ( ). Data were calculated by the SUKAM model 
(Gijzen 1992), a model describing the light climate in glasshouses and growth of greenhouse crops. 
The effects of a change in model input or 
parameters were investigated by calculating 





where dY/Y is the relative change in model 
output, and dPIP is the relative change in the 
value of a parameter or input data. Model 
output was: (1) the average fraction of dry 
matter distributed to the fruits during 300 d; 
(2) the variation in dry matter distribution to 
the fruits, expressed as the standard deviation 
of the daily dry matter distribution between 
day 100-300 (the first 100 days were not 
taken into account because of a strong change 
in dry matter distribution); (3) the average 
source/sink ratio, expressed as total plant 
growth rate divided by total potential growth 
rate; (4) the average fruit load, expressed as 
number of fruits growing simultaneously on a 
plant; (5) the average growing period (from 
anthesis until harvest) and 6) harvest weight 
of individual fruits. 
Results 
Validation of the model 
Simulated dry matter distribution between the 
fruits and vegetative plant parts was compared 
with actual daily values observed during a 
growing season. Inputs to the model were the 
measured total growth rate of the plant, irra-
diance, temperature, anthesis of the first 
flower and the number of flowers removed 
from the main stem. Although the fraction of 
dry matter distributed to the fruits was under-
estimated between 1 and 10 May, the simu-
lated dry matter distribution corresponded 
well to the measurements until the beginning 
of June (Fig. 3A). At the end of the experi-
ment there was a definite discrepancy between 
model and measurement. When the dates of 
anthesis and harvest of the non-aborting fruits 
were also input to the model, the dry matter 
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10-Apr 10-May 9-Jun 
FIG. 3. Measured (—O—) and simulated ( ) time course of the daily fraction of dry matter dis-
tributed to the fruits. Dates of anthesis and harvest of the fruits were calculated by the model (A) or these 
dates were input to the model (B). Measured data are means of six replicate plants (Exp. 1). 
A. Input in simulation model: temperature, irradiance, total plant growth rate, date of anthesis of first 
flower and number of flowers removed from the main stem. 
B. Input in simulation model: temperature and dates of anthesis and harvest of the non-aborting fruits. 
distribution was predicted well during the 
whole growing season (Fig. 3B); again around 
5 May the fraction of dry matter distributed to 
the fruits was underestimated. In this case the 
total plant growth rate and irradiance were 
not needed as input in the model to simulate 
the dry matter distribution, because in the 
model they only affect the formation of non-
aborting fruits. 
When plants were grown at three intensi-
ties of fruit removal, the fraction of dry matter 
distributed to the fruits was simulated satisfac-
torily; only at a high intensity of fruit removal 
the measured fraction was somewhat under-
estimated (Table 1, model input: temperature 
and dates of anthesis and harvest of non-
aborting fruits). 
When partitioning among individual fruits 
was simulated as proportional to their poten-
tial growth rates (eqn 4), a reasonable predic-
tion of the weight increase of the individual 
fruits was obtained, although there were some 
discrepancies between simulated and meas-
ured weights (Fig. 4A). The weight of young 
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TABLE 1. Measured and simulated cumulative fraction of dry matter distributed to the fruits 
when 1 fruit was retained per 1, 3 or 6 leaf axils at 18 or 24°C#. 
No. of fruits retained 18°C 24°C 



















*x/y: x fruits per y leaves 
#A11 plants of one temperature treatment were harvested when they had on average 60 leaves (104 and 67 
d after sowing at 18 and 24°C, respectively). Measured data are means of three replicate plants (Exp. 1). 
Input in simulation model: temperature, dates of anthesis and harvest of non-aborting fruits. It should be 
noted that the values for the vegetative sink strength, as mentioned in the Description of the model, were 
based on plants grown simultaneously in the same glasshouse compartments (1 fruit per axil). 
fruits was often overestimated and that of old 
fruits underestimated. When according to eqn 
3 also priorities (affinities) of the fruits were 
taken into account, accuracy of the simulation 
results increased (Fig. 4B). In older plants we 
sometimes observed fruits starting rapid 
growth sooner than an earlier formed fruit, a 
phenomenon which was not included in the 
model (Fig. 4: compare curves with symbols 
• and D at the beginning of June). 
Sensitivity analysis of the model 
To investigate the effects of fluctuations in the 
input data of the daily photosynthetically ac-
tive radiation and plant growth rate, these 
data were based on the 30-year average global 
radiation data (Mean-year) or on average ra-
diation data with a representative variation 
(Select-year) (Fig. 2). In the Mean-year the 
simulated dry matter distribution to the fruits 
showed a fairly smooth time-course (Fig. 5A). 
In the Select-year this distribution exhibited 
cyclic fluctuations (Fig. 5A). At the end of the 
simulation period (300 d) the cumulative fruit 
weight expressed as a fraction of the cumula-
tive total plant weight (including the fruits) 
was lower for the Select-year than for the 
Mean-year; being 0.60 and 0.65, respectively. 
In the Mean-year the source strength (total 
plant growth rate) was always sufficient to 
keep the source/sink ratio at a level enabling 
continuous formation of new non-aborting 
fruits (data not shown). In the Select-year the 
source strength fluctuated, resulting periodi-
cally in a low source/sink ratio and hence a 
low number of new non-aborting fruits. When 
the number of new non-aborting fruits became 
less also the sink strength of all fruits together 
after some lag-time became less. This resulted 
in a high source/sink ratio and a low fraction 
of dry matter distributed to the fruits. The 
high source/sink ratio resulted in an increased 
number of new non-aborting fruits, which was 
soon followed by an increase in the dry matter 
distribution to the fruits and a decrease in 
source/sink ratio. This cycle of source/sink 
ratio and dry matter distribution repeated it-
self throughout the year. The time course of 
these cycles of dry matter distribution were 
more or less independent of the date of an-
thesis of the first flower (starting date of the 
simulation run) (Fig. 5B). 
The average source/sink ratio (ratio of to-
tal plant growth rate to total potential growth 
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10-May 9-Jun 
FIG. 4. Measured (symbols) and simulated (bold lines) partitioning among individual fruits. The 
simulation was performed by a model with potential demand without (A) or with (B) priority functions of 
the sinks. The time course of the dry weights of the individual fruits of one representative plant (Exp. 1) is 
shown and for clarity only every other fruit is shown. A broken bold line (simulation) corresponds to a 
curve with open symbols (measurement); a solid bold line (simulation) corresponds to a curve with closed 
symbols (measurement). 
Input in simulation model: temperature, total growth rate of all fruits together and dates of anthesis and 
harvest of the fruits. 
rate) was low, 0.35, indicating that a cucum-
ber plant is source limited. Only on 2 days 
(days number 189 and 191) during a whole 
year the source strength was slightly greater 
than the sink strength (data not shown). 
The simulated average fraction of dry 
matter distributed to the fruits over the whole 
growing season was hardly affected by tem-
perature (Table 2), which agrees with our ex-
perimental data (Chapter 2.1.2). The fluctua-
tions increased with increasing temperature 
(as indicated by the increase in standard de-
viation of the daily dry matter distribution). 
With increasing temperature the simulated 
fruit load (number of fruits growing simulta-
neously on a plant) decreased; this decrease 
was the result of a decrease in growing period 
of individual fruits rather than in formation of 
non-aborting fruits. Although the simulated 
sink strength (potential growth rate) of the 
vegetative plant parts and individual fruits in-















100 200 300 
Day of year 
FIG. 5. Simulated time course of the daily fraction of dry matter distributed to the fruits for the Mean-
and Select-year. Input in simulation model: irradiance and total plant growth rate as shown in Fig. 2 and a 
temperature of 21°C. 
A. Mean- ( ) and Select-year ( ); simulation started at anthesis of first flower (day 1). 
B. Select-year, when first anthesis (start of simulation period) occurred at day 1 ( ), day 20 ( ) 
and day 40 ( ). 
source/sink ratio only slightly decreased be-
cause of the decrease in fruit load. In this 
study no effect of temperature on source 
strength (total plant growth rate) was as-
sumed. When the plant growth rate increased 
the simulated fraction of dry matter distrib-
uted to the fruits, the fruit load, total number 
and dry weight of fruits harvested increased, 
the variation in dry matter distribution was 
hardly affected, while the growing period of 
the individual fruits decreased (Table 2). This 
sensitivity to plant growth rate diminished 
with increasing plant growth rate (data not 
shown). These simulated responses to plant 
growth rate, whether induced by increasing 
irradiance or CO2 concentration, are in accor-
dance with the measured response to irradi-
ance (Chapter 2.1.3). The source/sink ratio 
did not increase to the same extent as the in-
crease in source strength (plant growth rate) 
because of an increase in formation of non-
aborting fruits and hence the sink strength. 
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TABLE 2. Output of the model for the Select-year and partial sensitivity (dY/Y I dP/P, see eqn 9*§) of 
model output to a change in temperature, total plant growth rate (source strength), reference weight for 
fruit harvest, sink strength of the vegetative parts or of the individual fruits, the number of young non-
aborting fruits and the incorporation of priority functions in the model (using eqn 3 instead of eqn 4 to 
calculate the partitioning)*. 
Mean SD Source/sink Fruit 
fruit/plant fruit/plant ratio load 
ratio ratio (no. of 












Select-year 0.60 0.10 0.35 5.9 17.9 15.3 90 
Partial sensitivities 
Temperature* 
Plant growth rate 
Harvest size 
Vegetative sink 





















































'Partial sensitivity of temperature was expressed per change of 1 °C instead of per relative change 
^Partial sensitivity of priority functions was expressed as an absolute sensitivity (dY/Y) 
#Model output investigated was the average fraction of dry matter distributed to the fruits (fruit/plant 
ratio), the fluctuations in daily dry matter distribution expressed as the standard deviation (SD) of the 
daily fraction of dry matter distributed to the fruits (fruit/plant ratio) between day 100 and day 300, the 
average source/sink ratio (ratio between total plant growth rate and total potential growth rate), the av-
erage fruit load (number of fruits growing simultaneously on one plant), the average growing period and 
weight at harvest of individual fruits and the cumulative number of fruits harvested per plant from day 0 
until day 300 of the Select-year. 
When fruits were harvested at a larger size 
the simulated fraction of dry matter distrib-
uted to the fruits and the growing period of 
the individual fruits increased, while the fluc-
tuations in dry matter distribution decreased 
(Table 2). 
An increase in the sink strength of the 
vegetative parts reduced the simulated distri-
bution to the fruits and increased the fluctua-
tions in distribution (Table 2). An increase in 
the sink strength of individual fruits enlarged 
the fluctuations of dry matter distribution, 
while the sink strength of all fruits together 
and as a result the average fraction of dry 
matter distributed to the fruits increased only 
slightly (Table 2). The sink strength of all 
fruits together increased only slightly, because 
the growing period per fruit and hence the 
fruit load decreased. 
An increase in the number of young non-
aborting fruits (a multiplication of NR as calcu-
lated by eqn 8) increased the simulated av-
erage fraction of dry matter distributed to the 
fruits and decreased its fluctuations (Table 2). 
The fruit load increased and the source/sink 
ratio decreased because of the increased num-
ber of fruits formed and because of an in-
crease in growing period of individual fruits. 
The effect of a multiplication of NR on the 
number of non-aborting fruits was partly 
counteracted by the decrease in the 
source/sink ratio, which is why the partial 
sensitivity of the number of fruits harvested 
was lower than 1 (Table 2). The simulations 
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show that removal of a constant fraction of 
the newly formed fruits has a negative effect 
on the dry matter distribution to the fruits. 
When young fruits were removed only when 
their number exceeded a threshold value the 
simulated variation in dry matter distribution 
could be reduced (Table 3). However, this re-
duced variation was accompanied by a de-
crease in the average fraction of dry matter 
distributed to the fruits. Incorporation of 
priority functions in the model had only slight 
effects on simulated final dry matter distribu-
tion (Table 2). 
In an attempt to investigate strategies to 
reduce the variations in source/sink ratio, 
fruits were harvested at a smaller size when 
the sink strength was high and vice versa, 
while maintaining the same average harvest 
weight. This strategy resulted in a reduction 
of the variation in dry matter distribution, 
while the average fraction of dry matter dis-
tributed to the fruits was hardly affected 
(Table 3). Increasing the temperature with 
increasing source/sink ratio and vice versa, 
while maintaining the same average tempera-
ture also resulted in less variation in dry mat-
ter distribution (Table 3). In addition, the av-
erage fraction of dry matter distributed to the 
fruits slightly increased. When fruit harvest 
was related to the source/sink ratio adapting 
the temperature to the sink strength did not 
further improve the dry matter distribution 
(Table 3). 
TABLE 3. Attempts to increase the simulated 
average fraction of dry matter distributed tho the 
fruits between day 0 and day 300 of the Select-
year and to decrease its fluctuations [standard 
deviation (SD) between day 100 and day 300]#. 
Select-year 






























"The number of non-aborting fruits younger than 5 
d from anthesis was limited to a maximum of 1, 2 
or 3 fruits per plant or the reference weight for 
harvest and the temperature were made a function 
of the sink strength or the source/sink ratio, re-
spectively: the reference weight was multiplied by 
(15/sink) and temperature was calculated as 
[21 + 5(source/sink-0.35)] maintaining respec-
tively the same average harvest weight and tem-
perature. 
Discussion 
In many crop growth models dry matter dis-
tribution is simulated by a descriptive allo-
metric approach, which assumes a predeter-
mined ratio between growth rates or relative 
growth rates of the organs (Marcelis 1993a). 
These ratios may change with the develop-
mental stage of the crop. For the long term 
(several weeks or longer) descriptive allome-
try models might give an acceptable simula-
tion of the relation between the cumulative 
dry weights of all fruits together and the 
vegetative parts of cucumber, but growing 
conditions (irradiance, temperature, number of 
fruits retained) may affect this relationship 
(Chapter 2.1). For the short term (days, week) 
a descriptive allometry model is not suitable 
because in indeterminately growing crops 
such as tomato, pepper, eggplant and cucum-
ber the dry matter distribution changes cycli-
cally during a growing season (De Koning 
1989; Hall 1977; Kalo & Tanaka 1971; 
Chapter 2.1.1). Moreover, the size of the in-
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dividual fruits, which is an important aspect of 
fruit quality, cannot be simulated by descrip-
tive allometry. Our results show that the cy-
clic behaviour of dry matter distribution be-
tween fruits and vegetative parts in cucumber 
could be simulated well by a model with po-
tential demand functions (Fig. 3). In addition 
this model appeared to be suitable to simulate 
the effects of cultural practices such as fruit 
pruning (Table 1) and to simulate the compe-
tition among individual fruits (Fig. 4) and 
hence their size. However, because of domi-
nance of an old fruit over a young fruit 
(Chapter 4.3), the growth rate of young fruits 
was often overestimated and that of old fruits 
underestimated. Dominance among fruits is, 
unlike apical dominance, not determined by 
morphological position, but rather by their se-
quence of development relative to each other 
(Bangerth 1989). 
In the model a linear relationship between 
the source/sink ratio and number of young 
non-aborting fruits is assumed, which is com-
parable to the approach of Bertin & Gary 
(1993) in tomato. However, some large de-
viations from this linear relationship could oc-
cur as indicated by the correlation coefficients 
which were rather low (eqn 8). In cotton and 
pigeonpea the abortion of fruits was also de-
scribed as a function of assimilate supply and 
demand (source/sink ratio) (Sheldrake 1979; 
Jones et al. 1980; Lieth et al. 1986). Another 
assumption could be that fruit abortion in cu-
cumber occurs when a threshold weight or 
growth rate has not been reached within a 
given number of days after anthesis (Augustin 
1984; Marcelis et al. 1989). However, a com-
parison between weights and growth rates of 
aborting and non-aborting cucumber fruits of 
equal age, showed that fruit abortion was not 
related to a unique threshold weight or 
threshold growth rate at a certain time (data 
not shown). Maybe a stochastic element or 
hormonal control should be incorporated in 
the model to simulate fruit abortion more ac-
curately. Because of the uncertainty in the 
simulation of fruit abortion, while it has a 
strong impact on the model output (Table 2), 
the simulation of the rate of appearance of 
non-aborting fruits is one of the weakest fea-
tures of the model. 
Although data on fruit harvest from an ex-
periment of Liebig (1978) in a climate cham-
ber suggested that the dry matter distribution 
might fluctuate even when the climate condi-
tions are constant, the simulated dry matter 
distribution was quite constant when the rate 
of total plant growth changed smoothly with 
time (data of the Mean-year). Fluctuations in 
irradiance and hence plant growth rate in-
duced fluctuations in dry matter distribution. 
The simulated time courses of dry matter 
distribution in plants of different ages were all 
in phase because periods of low irradiance led 
in all plants to a low number of young non-
aborting fruits, while a period of high irradi-
ance had the opposite effect. In this way 
plants were synchronized. This indicates that 
although there might be some variation among 
individual plants or between plants of different 
growers, the fluctuations in dry matter distri-
bution will occur simultaneously, which cor-
roborates the data of greenhouse experiments 
of Liebig (1978). Growers prefer a constant 
rate of fruit production for the purpose of a 
constant labour requirement for harvest. 
Moreover, the experimental data of Liebig 
(1978) suggested an increase in fruit produc-
tion with decreasing fluctuations in dry matter 
distribution. In our simulations final fruit pro-
duction was also lower when the fluctuations 
in dry matter distribution were larger, as 
shown by a comparison between the Select-
and Mean-year. Liebig (1978) who tested 
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several methods of fruit pruning did not man-
age to reduce the fluctuations in dry matter 
distribution. Our simulation study also cor-
roborates these results of the methods tested. 
However, removal of young fruits when their 
number exceeded a threshold value, could 
decrease the variation in dry matter distribu-
tion, but then the average fraction of dry 
matter distributed to the fruits decreased 
(Table 3). 
Relating the harvest size (and consequently 
the fruit age at harvest) to the sink strength 
seems more promising to decrease the vari-
ation in dry matter distribution and simultane-
ously to increase the average fruit/plant ratio 
slightly. To some extent this is common prac-
tice for commercial growers who tend to har-
vest large fruits when the fruit load and hence 
the sink strength is low. However, there are 
limits to the extent of varying the harvest size 
because too small and too large fruits have a 
low market value. Moreover, the keeping 
quality of young and old fruits is low. 
Harvesting of fruits could also be related to 
source/sink ratio instead of sink strength, but 
then one day with a very low source strength 
might result in the harvest of almost all fruits 
(data not shown). Postponing the harvest im-
proved the simulated dry matter distribution 
(average value and variation; Table 2), but the 
quality of the fruits puts limits to this ap-
proach in practice. More experiments to vali-
date the response to the harvest criteria are 
desirable. 
Relating the temperature positively to the 
source/sink ratio also slightly improved the 
dry matter distribution (average and vari-
ation). In fact in commercial glasshouses the 
temperature does increase with increasing ir-
radiance and hence with source strength. 
However, using a data-set with temperatures 
(average 21.2°C) in a commercial glasshouse 
with cucumbers (Houter 1991) for the Select-
year, only a slight decrease was found in the 
variability in dry matter distribution (fraction 
of dry matter distributed to the fruits was 
0.61±0.09). Lowering the average tempera-
ture can reduce the fluctuations, which is in 
accordance with results of Liebig (1978). 
If the vegetative sink strength could be re-
duced, for instance by plant breeding, without 
reducing the sink strength of the fruits or 
source strength, the dry matter distribution to 
the fruits could be improved. In addition, a 
low sink strength of individual fruits would 
lead to less fluctuations in dry matter distribu-
tion while the average fraction of dry matter 
distributed to the fruits would only be slightly 
affected. 
In conclusion, the cyclic behaviour of dry 
matter distribution between fruits and vegeta-
tive parts in an indeterminately growing crop 
like greenhouse cucumber can be simulated by 
a model based on potential demand functions 
of sinks. Especially when, in addition, priority 
functions are incorporated in the model, the 
distribution among individual fruits can also 
be simulated. Therefore, when simulating total 
plant growth, not only the total fruit produc-
tion but also the size and growing period of 
the individual fruits can be predicted, which 
are important quality aspects of a fruit. 
Although the simulation results show a rea-
sonable agreement with the measurements, a 
more extensive validation of the model is de-
sirable. One of the weakest features of the 
model which has a strong impact on the model 
output is the regulation of fruit abortion. 
Therefore, more research is needed on this 
subject. The model shows how dry matter 
distribution can be manipulated by relating the 
criteria for harvest or the temperature set-
point in the greenhouse to the sink strength or 
the source/sink ratio. Moreover, the model 
134 
Model for dry matter partitioning 
shows that the dry matter distribution to the ber varieties with a low abortion rate of fruits 
fruits might be improved by selecting cucum- or a low vegetative sink strength. 
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The regulation of organ growth and dry mat-
ter partitioning is subject of scientific dispute 
and no unequivocal theory is available at pre-
sent (Gifford & Evans 1981; Wolswinkel 
1985; Farrar 1988; Patrick 1988; Wardlaw 
1990). Quantitative data on organ growth and 
dry matter partitioning during the generative 
stage of crops are scarce and knowledge of 
the effects of environmental conditions is lim-
ited. The subject as such is of profound sig-
nificance to horticultural practice, as in green-
houses the technical means for imposing 
growth conditions are available and the mar-
ket puts high requirements on the control and 
predictability of production and quality. 
In this chapter the regulation of dry matter 
partitioning by sink strengths is discussed, and 
the effects of external factors are considered. 
The relationships between dry matter parti-
tioning, dry matter production, fresh matter 
production and fruit quality are discussed. 
Finally, practical consequences of the results 
obtained are evaluated. 
Internal regulation of dry matter 
partitioning 
In Chapter 1 the hypothesis was put forward 
that dry matter partitioning is primarily regu-
lated by the sink strengths of the sink organs. 
At present many discussions focus on the 
question whether the concept of sink strength 
is a useful one (Farrar 1993a). Sink strength is 
considered either an attractive or a vague and 
confusing concept (Farrar 1993a). Much 
confusion is due to lack of a clear definition of 
sink strength. In accordance with many 
authors (e.g. Wareing & Patrick 1975; Wols-
winkel 1985; Farrar 1993b), in this thesis the 
term sink strength is defined as the com-
petitive ability of an organ to attract assimi-
lates. The actual rate of assimilate import or 
of growth has often been used as a measure of 
sink strength (e.g. Warren Wilson 1972). 
When measured in this way, sink strength in 
fact represents the net result of assimilate flow 
which may depend on the competitive ability 
of all sinks on a plant and the assimilate sup-
ply (source strength). To my opinion this is 
not a useful measure of sink strength and it is 
the prime cause why some authors reject the 
use of the concept of sink strength. Minchin & 
Thorpe (1993), dismissing sink strength (as 
measured by the actual import rate) as a mis-
nomer, and other authors (e.g. Patrick 1993) 
stated that we should be able to identify a set 
of parameters to describe a sink's ability to in-
fluence assimilate import which are independ-
ent of the rest of the plant. In fact, this is what 
I have employed in this thesis by using the 
potential growth rate (potential capacity to 
accumulate assimilates) as a measure of sink 
strength. The potential growth rate of an or-
gan appeared to be an important parameter 
that quantitatively reflects the sink strength 
(competitive ability) of an organ. Our study 
has validated the hypothesis that dry matter 
partitioning is primarily regulated by the sink 
strengths of the sink organs in cucumber. 
Warren Wilson (1972) proposed that sink 
strength is the product of sink size and sink 
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activity. Ho (1988; 1992) suggested that sink 
size reflects the physical constraint while sink 
activity reflects the physiological constraint 
upon a sink organ's assimilate import. Ho 
(1988; 1992) considered cell number as a 
suitable measure of sink size, and the physi-
ological processes for the uptake and accumu-
lation of imported assimilate in the sink cells 
as a meaningful measure of the sink activity. 
However, although usually the size of the cu-
cumber fruit positively correlated with the 
number of cells, cell number was not an im-
portant determinant of potential fruit size 
(Chapter 4.3). Hence, cell number appeared 
not a suitable measure of sink size. The actual 
growth rate depended on age of a fruit rather 
than its size (Fig. 2 in Chapter 4.3) and, 
therefore, the sink strength of individual fruits 
did not show a very close relationship with 
their size (Fig. 1A). However, the size often 
correlates with the age of an organ, which 
may lead to an apparent relationship between 
size and sink strength. Despite sink strength of 
an individual fruit showed no close correlation 
with its size, the sink strength of all fruits to-
gether appeared to be highly correlated with 
the weight of all fruits together (fruit load) 
(Fig. IB). This correlation is reflected by the 
observed relationship between fruit load and 
dry matter partitioning into the fruits (Chapter 
2.1). 
The transport of assimilates from the 
source organs to the various sinks can be de-
scribed as a flow of assimilates through the 
phloem driven by an osmotically generated 
pressure gradient between source and sink; in 
the sink organs these assimilates are utilized 
according to Michaelis-Menten kinetics (e.g. 
Patrick 1988; Minchin et al. 1993). 
Accordingly, dry matter partitioning may de-
pend on the hydraulic resistance of the phloem 
and the sink's affinity for assimilates and the 
sink's potential capacity to accumulate assimi-
lates. We have shown that most of the data on 
dry matter partitioning can be described by the 
variation among organs in their potential ca-
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FIG. 1. Relationship between potential rate of fruit 
growth (sink strength) and fruit load (dry weight) 
per fruit (A) or per plant (B). The potential growth 
rate was calculated as a function of temperature 
and age of the fruits. 
A. Relationship for a fast and slow growing fruit 
(1 (O) or 7 (•) fruits were retained per plant, re-
spectively; 25°C, 34 mol nr2 d"1 PAR). Numbers 
indicate fruit age (days after anthesis). 
B. Each data point represents one day during a 
growing season (from the experiment described in 
Chapter 2.1). Y=3.4+0.5X, r5=0.82. 
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parity to accumulate assimilates (potential 
growth rate). This indicates that the hydraulic 
resistance is negligible in most cases, which is 
in line with conclusions of Milthorpe & 
Moorby (1969) and Kallarackal & Milburn 
(1984) that fully differentiated phloem net-
works have considerable spare transport ca-
pacity. During the early developmental stages 
of the fruit, the dry matter partitioning into 
that fruit was not only a function of potential 
growth rates, but also of dominance among 
fruits. This pattern of dry matter partitioning 
could be described by assuming an effect of 
older fruits on the affinity of the younger fruit 
for assimilates (Chapter 5), e.g. via hormonal 
control. Dominance might also be the result of 
a higher hydraulic resistance of the phloem 
towards young organs, if the phloem is not 
fully differentiated yet. Research on phloem 
transport, unloading, utilization and compart-
mentation of assimilates in the sink organs, 
and hormonal control of a young organ by an 
older one, might help to elucidate the back-
ground of dominance among organs. 
Wareing & Patrick (1975) and Patrick 
(1988) emphasized the importance of identify-
ing whether organ growth is either limited by 
assimilate supply (source limited) or saturated 
by assimilate supply (sink limited), because 
this might have implications in the regulation 
of organ growth. Under sink limitation, organ 
growth solely depends on its potential capac-
ity to accumulate assimilates (potential 
growth). Under source limitation, organ 
growth depends on the source strength and 
may also depend on the organ's potential ca-
pacity and affinity to accumulate assimilates 
and on the hydraulic resistance. However, 
often the term source-limitation is interpreted 
as organ growth being determined only by the 
source, while sink-limitation is interpreted as 
organ growth only determined by the sinks. 
Farrar (1993c) suggested to abandon the 
traditional attempts to speak of sink- or 
source-limitation, because control of fluxes 
(growth) will be shared by both source and 
sink rather than centered on any single one. 
Most of the time, the source capacity of a cu-
cumber plant appeared to be far less than the 
sink demand (the average source/sink ratio 
was 0.35; Chapter 5). Our results indicate that 
although growth may be source limited, the 
fraction of the available dry matter increase 
partitioned into an organ can to a great extent 
be related to its potential growth rate relative 
to that of other organs. Thus, although source 
limited, the proportional partitioning is still 
primarily regulated by the sinks. However, the 
absolute growth rates of the organs also de-
pend strongly on the source strength. 
Our study has identified the potential ca-
pacity to accumulate assimilates (potential 
growth rate) as an important determinant of 
sink strength. However, the mechanism de-
termining this potential capacity is not eluci-
dated yet. Cell number nor the initial assimi-
late supply are essential in determining this 
capacity. It could be worthwhile studying 
whether the maximum rate of unloading or 
utilization and compartmentation in the sink 
organ are important determinants of the po-
tential growth rate, and how these processes 
are controlled by hormones or, as suggested 
by Farrar (1992), by sucrose. 
Sink strengths of the plant's organs are not 
static but change dynamically. The sink 
strength of all organs together is determined 
by the number of organs on a plant and the 
sink strength of each individual organ. The 
sink strength of an individual organ (fruit) ap-
peared to be a function of its temperature sum 
from anthesis and the actual temperature 
(Chapters 4.4; 5). The number of fruits on a 
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plant was limited by their rate of abortion 
rather than formation (Chapter 2.1.1). In ac-
cordance with Kinet (1977) and Schapendonk 
& Brouwer (1984), fruit abortion appeared to 
be closely related to the availability of assimi-
lates (source/sink ratio) during a short period 
before and after anthesis (Chapter 2.1.1). 
However, fruit abortion seems not to be solely 
due to a shortage of assimilate supply, but 
also to other factors which are probably hor-
monally mediated, such as assimilate utiliza-
tion and dominance of competing fruits 
(Tamas et al. 1979; Schapendonk & Brouwer 
1984; Ruiz & Guardiola 1994). Ganeshaiah & 
Uma Shaanker (1994) proposed in their 
opinion paper that fruit and seed abortion is a 
process of self organisation, where any re-
source molecule moving into a sink autocata-
lytically increases the probability of receiving 
further resources. Fruit abortion is still poorly 
understood while it has a strong impact on 
fruit growth and dry matter partitioning 
(Chapter 5). Detailed research is desired to 
identify the most critical stage of a fruit to 
abort and to what extent this is determined by 
the availability of assimilates and to what ex-
tent by other factors, such as hormones. 
In this thesis, partitioning has been de-
scribed in terms of the distribution of dry 
weight. When partitioning of carbon-assimi-
lates is studied, the carbon lost by respiration 
and the carbon concentration of the dry matter 
should also be taken into account (as was 
done in Chapter 4.5.2). In addition, a distinc-
tion might be needed between assimilates pro-
duced in the sink organ itself and produced in 
other plant parts. If the utilization and com-
partmentation of assimilates in the sink organ 
rather than the unloading of assimilates or the 
transport path are the limiting factors in as-
similate partitioning, the partitioning is prob-
ably not dependent of the location of assimi-
late production. For a cucumber fruit the 
photosynthetic contribution of a fruit to its 
own carbon requirement was on average 
rather low (1-5%, Chapter 4.5.1). Therefore, 
distinguishing between assimilates produced in 
the fruit itself and those in other plant parts 
has quantitatively no large implications for 
assimilate partitioning. 
If carbon partitioning among fruits is 
measured in terms of dry weight distribution 
on average only 85-87% of all the carbon is 
considered, because 13-15% is respired 
(Chapter 4.5.2). In the simulation study 
(Chapter 5), we assumed that maintenance 
respiration was independent of growth of the 
organs, because maintenance respiration 
usually is primarily a function of organ com-
position, organ weight and temperature 
(Chapter 4.5.2). We used the concept of sink 
strength only for describing the partitioning of 
assimilates which were not used for mainte-
nance respiration. However, if unloading of 
assimilates or the transport path rather than 
utilization and compartmentation of assimi-
lates determine the assimilate partitioning, 
sink strength should have been described by 
the capacity to import assimilates (including 
the assimilates for respiration) rather than to 
accumulate assimilates. Our data do not reject 
the accumulation capacity as a correct de-
scription, nor do they enable a firm conclusion 
on this topic. 
The carbon concentration of the dry matter 
was fairly constant; the growth respiration 
was almost linearly related to the growth rate 
of the fruits; the maintenance respiration ac-
counted on average for only 6-7% of the car-
bon requirement of a fruit (Chapter 4.5.2). 
Therefore, the pattern of carbon-assimilate 
partitioning will not differ substantially from 
that of dry weight partitioning, and the car-
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bon-assimilate partitioning can rather easily be 
estimated from the dry weight partitioning. 
External regulation of dry matter 
partitioning 
As dry matter partitioning is primarily regu-
lated by sink strengths, environmental factors 
can affect dry matter partitioning via effects 
on the sink strengths. In the short term, the 
effects on dry matter partitioning might be 
different from those in the long term. Short 
term effects on partitioning are the result of 
effects on the sink strengths of individual or-
gans. A high temperature increased the sink 
strengths of individual fruits more than that of 
the vegetative parts resulting in a short term 
increase in partitioning into the fruits (Chapter 
2.1.2). However, in the long term this was 
counteracted by a decrease in the number of 
fruits per plant such that dry matter partition-
ing between fruits and vegetative parts was 
only slightly affected (Chapter 2.1.2). Source 
strength as imposed by irradiance had little 
effect on the dry matter partitioning in the 
short term. However, in the long term an in-
crease in source strength (irradiance) in-
creased the number of fruits on the plant and 
hence the sink strength of all fruits together 
and the fraction of dry matter partitioned into 
the fruits (Chapter 2.1.3). CO2 is expected to 
have a similar effect as irradiance, because it 
also enhances the source strength. The 
stimulating effect of CO2 on biomass 
partitioning into the fruits has been 
corroborated for cucumber, sweet pepper 
(Nederhoff 1994) and tomato (Tripp et al. 
1991). However, Nederhoff (1994) observed 
no effects of CO2 enrichment on dry matter 
partitioning in a summer crop of tomato. 
Mineral nutrition might also affect dry matter 
partitioning into the fruits, i.e. in tomato the 
fraction of dry matter partitioned into the 
fruits increased when the nitrogen supply was 
reduced (B.W. Veen, pers. communication). 
A slight water stress may promote fruit set 
and/or dry matter partitioning into the fruits as 
shown for several crops, e.g. tomato (De 
Koning & Hurd 1983) and faba bean 
(Grashoff 1992). High salinity of the root 
medium increased the fraction of dry matter 
partitioned into the fruits of cucumber but had 
no effect in tomato (Ehret & Ho 1986; Ho & 
Adams 1994a,b). Air humidity (within the 
range 0.3-1.0 kPa) had no effect on dry matter 
partitioning to the fruits in glasshouse fruit 
vegetables (Bakker 1991). 
The concept of sink strengths can also de-
scribe most of the environmental effects on 
dry matter partitioning into the leaves, stems, 
petioles and roots (Chapter 2.2). The effects 
of irradiance could be described by differential 
effects of irradiance on the sink strengths of 
the different vegetative parts. The effect of 
temperature on the sink strengths of the 
vegetative parts must have been almost the 
same for leaves, stems and petioles, but the 
sink strength of the roots relative to that of 
the above-ground parts decreased with in-
creasing temperature. At a high temperature 
the effects of fruit growth on dry matter parti-
tioning into the different vegetative parts 
could be explained by the concept of sink 
strengths. However, at a low temperature, 
fruit growth was more at the expense of root 
growth than of growth of the above-ground 
vegetative parts, which can be described by 
the concept of sink strengths if the fruits affect 
the sink strength of the roots in interaction 
with the temperature. Most of the results on 
dry matter partitioning into the roots could 
also simply be described by the functional 
equilibrium theory. However, this theory can-
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not easily be applied to the partitioning be-
tween individual fruits and the above-ground 
vegetative parts. If the same pattern of dry 
matter partitioning can be described by both 
the concept of sink strengths and of a func-
tional equilibrium, this might indicate positive 
correlations between the sink strength of the 
shoot and the specific activity of the root 
(water or nutrient uptake) and between the 
sink strength of the root and specific activity 
of the shoot (photosynthesis). 
Relationship between dry matter pro-
duction and dry matter partitioning 
Leaf photosynthesis has been demonstrated to 
depend on the sink demand in various species 
(Neales & Incoll 1968; Geiger 1976; Guinn & 
Mauney 1980; Gifford & Evans 1981). This 
might be of importance for crops, such as cu-
cumber, where sink demand varies consider-
ably. However, most of the studies showing a 
negative feedback of reduced sink demand on 
photosynthesis involved extreme reductions of 
sink demand. Our experiments on cucumber 
showed that only when all major sinks (all 
fruits) were removed for a prolonged period, 
photosynthesis was reduced substantially 
(Chapter 3). When sink demand was within 
the normal variation, the photosynthetic rate 
was not affected. 
Small changes in assimilates used for leaf 
area formation have only a limited effect on 
total dry matter production of generative cu-
cumber plants, because these plants form a 
dense canopy. Manipulating the dry matter 
partitioning by removing fruits from the plant 
did not significantly affect total plant dry 
matter production (Chapter 2.1.2). However, 
when all fruits were retained on the main 
stem, leaf appearance sometimes completely 
stopped during rapid fruit growth and did not 
start again before harvest of almost all fruits 
from the main stem (Marcelis 1993b). When 
too large a fraction of dry matter is partitioned 
into the fruits, roots stop growing or even die 
(De Stigter 1969; Van der Post 1968; Van der 
Vlugt 1987). A cessation of leaf appearance 
or of root growth may indicate suboptimal 
plant dry matter production. Probably the 
minimum amount rather than the fraction of 
dry matter used for the vegetative plant parts 
is important tr ^ize and maintain a high 
production cap... ly. 
In conclusion, under normal growing 
conditions, no large effects of assimilate par-
titioning on total dry matter production 
(vegetative and generative) of a generative 
cucumber crop are to be expected. Therefore, 
an increase in dry matter partitioning into the 
fruits enhances fruit yield proportionally. A 
decrease in fluctuations in dry matter parti-
tioning may also enlarge final fruit production, 
as suggested by Liebig (1978) and corrobo-
rated by our simulation study (Chapter 5). 
Effects of total dry matter production on 
dry matter partitioning were larger than vice 
versa: An increase in dry matter production as 
a result of increased irradiance, reduced fruit 
abortion and therefore stimulated the parti-
tioning into fruits in the long term (Chapter 
2.1.3). 
Relationship between production of 
fresh and dry matter 
The fresh matter production usually correlates 
with dry matter production. Despite this cor-
relation a large variation in dry matter per-
centage of plant material was observed 
(Chapters 2.1.2, 2.1.3, 4.1). The dry matter 
percentage appeared to be primarily a function 
142 
General discussion 
of assimilate availability, temperature, onto-
geny and type of organ. Besides, water supply 
(Adams 1990) and salinity of the root medium 
(Adams & Ho 1989; Ho & Adams 1994a), 
but not air humidity (Bakker 1991), may be 
important factors affecting the dry matter per-
centage. 
Assuming a constant dry matter percentage 
may lead to erroneous estimates of fruit pro-
duction, when fruit production is estimated 
from the dry matter production. In general, 
when dry matter production changed, fresh 
matter production changed less than propor-
tional (Chapters 2.1.2, 2.1.3). However, with 
the same dry matter production or partition-
ing, an increase in temperature stimulated fruit 
fresh weight production because of a higher 
fresh weight production per gram dry matter 
produced (Chapter 2.1.2). 
Although we have quantitatively shown 
how several factors can affect the dry matter 
percentage (Chapter 4.1), the regulation of 
the dry matter percentage or the relationship 
between growth in fresh and dry matter is still 
only poorly understood. Ehret & Ho (1986) 
and Ho et al. (1987) found indications that to 
some extent the accumulation of water might 
be independent of the accumulation of dry 
matter. More research on this subject is 
needed and as stated by Farrar (1993c) "it is 
surely time that the currently quite separate 
literatures on growth as an increase in dry 
matter and growth as an increase in water 
content (volume) were combined". 
Fruit quality 
As fruit fresh weight is a major quality pa-
rameter of a cucumber fruit, it is the main 
criterion for its harvest. Nevertheless, a fruit is 
harvested at a larger size when its average 
growth rate increases and the harvest size 
changes during the season. In addition, the 
harvest date may also depend on fruit shape, 
fruit load, product price, availability of labour 
and the personal view of the grower. Besides 
fresh weight, many other parameters deter-
mine the fruit quality; e.g. ratio between 
length and thickness, curvature, taste, shelf 
life, colour, firmness, etc. 
At harvest, cucumber fruits are not 
'physiologically' mature; they could keep on 
growing for a long period. Some are har-
vested even before they reach the maximum 
growth rate, while others are harvested when 
they are more than twice as old. When the 
growth rates of the fruits are high they are 
harvested at an earlier developmental stage, 
which has important implications for fruit 
quality. The average growth rate of a fruit de-
pends primarily on net assimilation rate, com-
petition from other fruits and temperature. 
With increasing temperature the age at harvest 
(days from anthesis until harvest) decreases, 
but not necessarily the developmental stage 
(Chapters 2.1.2, 4.4). When fruits are har-
vested at an early developmental stage they 
are more susceptible to the incidence of rub-
ber necks (low firmness and shrivelled fruit 
skin) (Janse 1994). On the contrary, when 
fruits are harvested at a later developmental 
stage they soon start to yellow (Lin & Ehret 
1991; Janse 1994), because the period from 
anthesis until incipient yellowing is reasonably 
constant (Kanellis et al. 1986). 
Although still no clear-cut relationship 
between dry matter percentage and fruit qual-
ity has been proven, often a positive relation-
ship is assumed. Young fruits have a high dry 
matter percentage (Chapter 4.1). In addition, 
the dry matter percentage decreases with in-
creasing temperature, increasing number of 
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competing fruits on a plant and decreasing ir-
radiance (Chapters 2.1.2, 2.1.3,4.1). 
The ratio between length and thickness of a 
fruit determines to a great extent its shape. 
First class fruits have a high ratio of length to 
thickness. This ratio is a function of the de-
velopmental stage (temperature sum after an-
thesis) of the fruit (Marcelis 1994). This func-
tion is predetermined by the fruit position 
within the plant and is not greatly affected by 
temperature or availability of assimilates. 
However, with increasing availability of as-
similates fruits reach the marketable stage at 
an earlier developmental stage, resulting in 
marketable fruits with a high length:thickness 
ratio (Marcelis 1994). 
Modelling dry matter partitioning 
Models may provide insight in the production 
process and key processes may be recognized 
that merit special attention. Models enable to 
quantitatively integrate knowledge of the dif-
ferent processes and to quantify their interact-
ing effects on crop growth and development. 
Besides, models can be used for optimization 
of crop management or climate control in 
greenhouses and they may assist in the 
evaluation of the potential benefits of various 
measures. 
The dynamic model based on sink strengths 
of the sink organs, as developed in this thesis, 
enables to simulate the fluctuations in dry 
matter partitioning between fruits and vegeta-
tive parts and the size and growing period of 
individual fruits (Chapter 5). These features 
could not be described by crop growth models 
which simulate dry matter partitioning by a 
descriptive allometric approach. 
Although the model has been developed 
and validated only for cucumber, the approach 
is probably valid for a wider range of crops. 
For instance a comparable approach seems to 
be successful for tomato (Heuvelink & 
Marcelis 1989; De Koning 1994; Heuvelink & 
Bertin 1994), rose (Lieth & Pasian 1991) and 
cotton (Baker & Landivar 1991). 
Practical consequences 
Application of the simulation model 
At auctions there is an increasing demand to 
know the supply of harvested fruits days or 
weeks in advance. When the model for dry 
matter partitioning is incorporated in a model 
for dry matter production, as was done in the 
sensitivity analysis in Chapter 5, the model can 
be used to predict the harvest of fruits. 
Especially when the model is fed with data 
about (number and age of) fruits on the plant, 
irradiance and temperature, fruit harvest dur-
ing the first few weeks can be predicted rather 
accurate. The accuracy of the prediction 
strongly depends on the accuracy of the 
weather (irradiance) forecast. As long as the 
accuracy of weather forecast is low, harvest 
could be predicted for different weather sce-
narios. 
Every year again, growers are discussing 
how many fruits can be retained on the main 
stem. For a proper decision the net assimila-
tion rate, the assimilate demand (including the 
respiratory demand minus fruit photosynthe-
sis) per fruit and the occurrence of abortion 
needs to be known. The model is a useful tool 
to analyse the consequences of retaining a 
certain number of fruits; again this could be 
done for different weather scenarios. 
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Possibilities to manipulate dry matter parti-
tioning 
In the optimum situation the assimilates parti-
tioned into the vegetative parts are just suffi-
cient to renew the vegetative parts and to 
maintain sufficient growth potential in the fu-
ture, while the remaining assimilates are parti-
tioned into the fruits. In addition, the dry 
matter partitioning into each individual fruit 
should be sufficient to ensure good fruit qual-
ity. In the optimum situation the sink and 
source strength should be kept in the right 
balance; i.e. stimulating the sink strength 
when the sink: source ratio is low and reducing 
the sink strength or stimulating the source 
strength when the sink:source ratio is high. 
Irradiance and hence the source strength 
varies significantly during the year. Even 
within a month or a week large fluctuations 
occur. In addition, the sink strength may also 
change considerably from week to week. The 
short term fluctuations in source strength are 
often rather unpredictable and have a smaller 
time-constant than fluctuations in sink 
strength, which makes it difficult to keep the 
sink and source strength in balance. 
The seasonal variation in source strength 
per plant can partly be compensated by 
choosing a lower plant density in winter than 
in summer, unless year-round the same plants 
are grown. The source strength can be in-
creased by increasing the CO2 concentration. 
An increase in source strength immediately 
enhances fruit growth but has little effect on 
dry matter partitioning in the short term; in 
the long term the fraction of dry matter 
partitioned into the fruits also increases. 
Source strength could also be stimulated by 
increasing the irradiance. However, solar 
radiation in the greenhouse cannot usually be 
increased in the short term and artificial 
lighting seems not profitable in greenhouse 
cucumber (Heuvelink & Challa 1989). The 
irradiance in the greenhouse can only be 
manipulated in the long term by choosing a 
greenhouse with a high transmissivity. 
Effects of temperature on source strength 
are limited in a generative cucumber crop (e.g. 
Chapter 2.1.2). Increasing the temperature 
stimulates the sink strength of individual fruits 
more than that of the vegetative parts 
(Chapter 5). Therefore, in the short term the 
fraction of dry matter partitioned into the 
fruits can be enhanced by increasing the 
greenhouse temperature (Chapter 2.1.2). 
However, in the long term temperature effects 
on the partitioning between fruits and vegeta-
tive parts are limited (Chapter 2.1.2), but 
fluctuations may increase with increasing tem-
perature (Chapter 5; Liebig 1978). In general, 
for an optimal fraction of dry matter parti-
tioned into the fruits (high fraction and less 
variation) the temperature set-point can best 
be positively related to the source: sink ratio 
(Chapter 5). 
Total sink strength of the fruits can be re-
duced by removing flowers or fruits from the 
plant. The variation in dry matter distribution 
can be decreased by allowing only a limited 
number of young fruits at the same time on 
the plant (Chapter 5). Especially for fruits on 
the main stem it is essential to retain only a 
limited number of fruits in order to prevent 
too big fluctuations in dry matter partitioning 
and poor fruit quality. The optimum number 
of fruits that can be retained on a plant can be 
higher at a high source strength or a low tem-
perature. 
The sink strength and hence dry matter 
partitioning can be manipulated by the strat-
egy of harvesting the fruits. The simulation 
study (Chapter 5) showed that by relating the 
harvest size negatively to the total sink 
strength of the plant the variation in dry mat-
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ter partitioning can be reduced while the aver-
age fraction partitioned into the fruits slightly 
increases. In addition, the fraction of dry 
matter partitioned into the fruits seems to 
improve when the harvest date is postponed. 
However, there are limits to the extent of 
varying the harvest size because too small or 
young and too large or old fruits have a poor 
quality. 
For genetic improvement of dry matter 
partitioning into the fruits, plant breeders 
should focus on genotypes with a reduced 
vegetative sink strength, while sink strength of 
the fruits and source strength are not altered. 
In addition, genotypes with a low sink 
strength of individual fruits probably show 
less fluctuations in dry matter partitioning, 
while the average fraction of dry matter parti-
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Summary 
In cucumber crops, the fruits on a plant 
strongly compete with each other and 
with the vegetative plant parts for the 
available assimilates. The partitioning of 
assimilates or dry matter among the plant 
organs is an important determinant of 
crop production and product quality. In a 
generative cucumber crop, the partition-
ing is often not optimal, resulting in 
(periods of) too low a fraction of dry 
matter partitioned into the harvestable 
organs, too low a production capacity or 
too low a fruit quality (e.g. too small 
fruits). For optimal production of a gen-
erative cucumber crop, just sufficient dry 
matter should be partitioned into the 
vegetative plant parts to realize and 
maintain a high production capacity, 
while the remaining dry matter is parti-
tioned into the fruits. Not only the parti-
tioning between the vegetative and gen-
erative plant parts is important, but also 
the partitioning among individual fruits, 
because it affects their number and qual-
ity parameters such as fruit weight. 
The aim of this study was to describe 
and to quantify dry matter partitioning 
into the different plant parts of generative 
cucumber plants as a dynamic process in 
terms of an internal competition among 
organs for assimilates in relation to ex-
ternal factors, such as the greenhouse 
climate and cultural practices. As the 
fruits represent the major sink organs, 
and as they are of economic interest, spe-
cial attention was paid to the growth and 
development of the individual fruits. 
In Chapter 2.1 it is shown that during 
a growing season the fraction of dry 
matter partitioned into the fruits changed 
cyclically between 40 and 90%. The 
changes in dry matter partitioning were 
not always the result of changes in 
growing conditions. Dry matter partition-
ing appeared to be primarily regulated by 
the sinks (fruits). The fraction of dry 
matter partitioned into the fruits in-
creased with the fruit load (number and 
weight of fruits) on a plant. The number 
of fruits on a plant varied considerably 
during the growing season. This number 
was not limited by the formation of new 
fruits, but by abortion of fruits within 
about 10 days after anthesis. The number 
of young fruits that did not abort ap-
peared to correlate positively with the 
growth rate of the vegetative plant parts. 
With the same fruit load on a plant, 
the fraction of dry matter partitioned into 
fruits was greater at 25°C than at 18°C 
(Chapter 2.1.2). In the long-term 
(weeks), temperature had only a slight 
effect on the dry matter partitioning be-
tween fruits and vegetative parts, be-
cause the fruit load on a plant decreased 
with increasing temperature. 
In the long-term (weeks), but not in 
the short-term (days), the fraction of dry 
matter partitioned into fruits increased 
with increasing irradiance (Chapter 
2.1.3). The positive long-term effect of 
high irradiance on the dry matter parti-
tioning into the fruits could primarily be 
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ascribed to an increase in the fruit load 
on the plant. 
In Chapter 2.2 the dry matter parti-
tioning among the vegetative parts 
(stems, leaves, petioles and roots) is de-
scribed. An increase in irradiance en-
hanced stem growth less than leaf and 
petiole growth, which was in turn less 
stimulated than root growth. In fruit 
bearing plants, a decrease in temperature 
had no effect on the fraction of dry mat-
ter partitioned into the stems, leaves and 
petioles, but increased the fraction of dry 
matter partitioned into the roots (at the 
expense of the fruits). Fruit growth 
strongly reduced growth of all vegetative 
plant parts, but the distribution between 
stems, leaves and petioles was only 
slightly affected. The effect of fruit 
growth on dry matter partitioning be-
tween roots and the vegetative parts of 
the shoot depended on temperature. 
In Chapter 3 it was studied whether or 
not leaf photosynthesis responds to sink 
demand as imposed by the number of 
fruits retained on the plant. Net leaf 
photosynthesis did not respond to sink 
demand during the first 16 days of fruit 
growth. Subsequently, a substantial re-
duction in photosynthesis was found only 
when all fruits were removed. This re-
duction was accompanied by a decrease 
in the rate of transpiration, indicating a 
higher stomatal resistance. 
Chapter 4 focuses on the growth and 
development of individual fruits. First, 
some simple, quick and accurate non-
destructive methods for measuring the 
growth of individual fruits were tested 
and these methods were used to analyse 
the growth in fresh and dry weight 
(Chapter 4.1). The fresh weight of the 
fruit could be estimated from its volume 
or length and circumference. The dry-
matter percentage of a fruit could be es-
timated by a regression model with tem-
perature sum from anthesis, temperature 
and fruit size as input variables. Growth 
of the fruits could be described by a 
Richards function. The growth curve of 
fresh weight lagged about one day behind 
that of dry weight. The relative growth 
rate of fresh and dry weights increased 
during the first week after anthesis (at 
20°C) and then declined in a concave 
shape. 
All parts of the fruit expanded in 
length and thickness at approximately the 
same rate, except for the fruit ends, 
where the growth rate slowed down 
sooner than in the middle part (Chapter 
4.2). No specific expansion zones were 
observed. Although there were marked 
differences in cell size within a fruit, all 
cells expanded continuously throughout 
development from ovary until mature 
fruit. Cell division, however, was re-
stricted to the first part of the growing 
period and ceased in the whole fruit at 
approximately the same time. 
The growth rate of a cucumber fruit 
strongly increased with increasing assimi-
late supply, but the rate of development 
(as indicated by the period from anthesis 
until the maximum growth rate was 
reached) was not noticeably affected 
(Chapter 4.3). As a result of the positive 
effect on growth rate, the growing period 
from anthesis until harvestable fruit de-
creased with increasing assimilate supply. 
Both cell number and cell size increased 
with increasing assimilate supply. By in-
creasing the assimilate supply at different 
stages of fruit development, the early de-
velopment of a fruit turned out not to be 
crucial for setting its growth potential 
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(unless the fruit aborted). Although 
usually the size of the fruit correlated 
positively with the number of cells, cell 
number was not an important determi-
nant of fruit size, because a low number 
of cells could be compensated for to a 
great extent by a large expansion per cell. 
Fruit development appeared to be 
closely related to the temperature sum 
(Chapter 4.4). The growth rate increased 
with increasing temperature, but the ef-
fect on final fruit weight depended on the 
level of assimilate supply. The growth 
rate of a fruit was not irreversibly im-
paired by a low temperature during the 
early development. In contrast to a low 
temperature treatment, a period of high 
temperature at an early stage had a 
markedly positive effect on the subse-
quent growth rate. 
Fruit darkening had no photomorpho-
genetic effect on fruit growth (Chapter 
4.5.1). Fruit photosynthesis contributed 
up to 5% of the cumulative carbon re-
quirement of a fruit. This contribution 
decreased when irradiance decreased or 
when the rate of fruit growth was stimu-
lated by removal of competing fruits or 
by increasing the temperature. During 
fruit ontogeny, the daily photosynthetic 
contribution was highest (up to 15%) in 
young and old fruits, with a small growth 
rate. 
The specific respiratory costs for both 
growth and maintenance were highest in 
young fruits, but were (at the same age) 
not affected by fruit size (Chapter 4.5.2). 
An increase in temperature had no effect 
on the specific respiratory costs for 
growth, while the specific respiratory 
costs for maintenance increased with a 
QlO of about 2. The respiratory losses as 
a fraction of the total carbon requirement 
of a fruit changed during fruit ontogeny, 
but were independent of temperature and 
were similar for slow- and fast-growing 
fruits. The cumulative respiratory losses 
accounted for 13-15% of the total carbon 
requirement of a fruit. 
The results from the studies reported 
in the previous chapters were integrated 
in a dynamic simulation model describing 
the daily dry matter partitioning between 
the generative and vegetative plant parts 
and the partitioning among individual 
fruits (Chapter 5). The model was based 
on the hypothesis that dry matter parti-
tioning is regulated by the sink strengths 
of the plant organs. The sink strength of 
an organ was described by its potential 
growth rate, i.e. the growth rate at non-
limiting assimilate supply. Model results 
agreed well with the measured fluctuat-
ing partitioning of dry matter between 
fruits and vegetative parts. The measured 
effects of three intensities of fruit re-
moval on partitioning between fruits and 
vegetative parts were also simulated sat-
isfactorily. When simulating the partition-
ing among individual fruits, the final fruit 
size was simulated quite well. However, 
the growth rate of young fruits was 
usually overestimated and that of old 
fruits underestimated, because of domi-
nance among fruits. This phenomenon 
could be accounted for by incorporating 
priority functions into the model. Finally, 
a sensitivity analysis of the model was 
performed to investigate the effects of 
some climatic factors, of manipulations 
of the number of fruits on a plant and of 
model parameters on dry matter distribu-
tion. Strategies to manipulate the dry 
matter distribution are discussed. 
In the General Discussion (Chapter 6) 
the main factors regulating dry matter 
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partitioning are considered. The relation- discussed in relation to fruit growth and 
ship between dry matter production and dry matter partitioning. Finally, practical 
dry matter partitioning, and the relation- consequences of the results obtained are 
ship between the production of fresh and evaluated, 
dry matter are discussed. Fruit quality is 
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Bij komkommer concurreren de vruchten 
aan een plant sterk met elkaar en met de 
vegetatieve plantedelen om de beschik-
bare assimilaten. De verdeling van 
assimilaten of drogestof over de verschil-
lende plante-organen is een belangrijke 
bepalende factor voor gewasproduktie en 
produktkwaliteit. In een generatief 
(vruchtdragend) komkommergewas is 
deze verdeling vaak niet optimaal, wat 
kan leiden tot (periodes van) te weinig 
drogestof voor de oogstbare organen 
(vruchten), een te lage produktiecapaci-
teit van het gewas of een te lage vrucht-
kwaliteit (bijv. te kleine vruchten). Voor 
een optimale produktie van een kom-
kommergewas moet net voldoende dro-
gestof voor de vegetatieve delen gebruikt 
worden zodat een hoge produktiecapaci-
teit van het gewas gerealiseerd kan wor-
den, terwijl de overige drogestof naar de 
vruchten gaat. Niet alleen de drogestof-
verdeling tussen de vegetatieve en gene-
ratieve plantedelen is belangrijk, maar 
ook de verdeling tussen de individuele 
vruchten, omdat dit het aantal vruchten 
en kwaliteitskenmerken van de vruchten 
zoals vruchtgrootte, bepaalt. 
Het doel van het in dit proefschrift 
gepresenteerde onderzoek was het be-
schrijven en kwantificeren van de droge-
stofverdeling tussen de verschillende 
plantedelen van generatieve komkom-
merplanten als een dynamisch proces. Dit 
proces is een functie van interne concur-
rentieverhoudingen tussen de organen die 
beïnvloed worden door externe factoren 
zoals het kasklimaat en teelthandelingen. 
Aangezien de vruchten de belangrijkste 
sinkorganen (organen die assimilaten im-
porteren) van een plant zijn en het oogst-
bare deel vormen, is veel aandacht be-
steed aan de groei en ontwikkeling van 
de individuele vruchten. 
In Hoofdstuk 2.1 wordt aangetoond 
dat gedurende een groeiseizoen de fractie 
drogestof die naar de vruchten gaat cy-
clisch varieert tussen 40 en 90%. De wis-
selingen in drogestofverdeling waren niet 
altijd het gevolg van wisselingen in groei-
omstandigheden. Drogestofverdeling bleek 
vooral gereguleerd te worden door de 
sinks (de vruchten) aan een plant, waarbij 
de fractie drogestof die naar de vruchten 
ging toenam met de plantbelasting (aantal 
en gewicht van vruchten aan de plant). 
Het aantal vruchten aan de plant wisselde 
sterk gedurende een groeiseizoen. Dit 
aantal werd niet beperkt door de aanleg 
van nieuwe vruchten, maar door abortie 
van vruchten binnen 10 dagen na bloei. 
Het aantal jonge vruchten dat niet abor-
teerde bleek positief gecorreleerd te zijn 
met de groeisnelheid van de vegetatieve 
delen. 
Bij dezelfde plantbelasting ging er bij 
25CC relatief meer drogestof naar de 
vruchten dan bij 18°C (Hoofdstuk 2.1.2). 
Op de lange termijn (weken) had tempe-
ratuur slechts een gering effect op de 
drogestofverdeling tussen vruchten en 
vegetatieve delen, omdat de plantbelas-
ting afnam bij toenemende temperatuur. 
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Op de lange termijn (weken), maar 
niet op de korte termijn (dagen), nam de 
drogestofverdeling naar de vruchten toe 
bij toenemend lichtniveau (Hoofdstuk 
2.1.3). Het positieve lange-termijneffect 
van veel licht op de drogestofverdeling 
naar de vruchten kon primair toegeschre-
ven worden aan een toename van de 
plantbelasting. 
In Hoofdstuk 2.2 wordt de drogestof-
verdeling tussen de vegetatieve plantede-
len (stengels, bladeren, bladstelen en 
wortels) beschreven. Bij een toename van 
de instraling nam de wortelgroei meer 
toe dan de groei van de bladeren en 
bladstelen, die weer meer gestimuleerd 
werd dan de groei van de stengels. In 
vruchtdragende planten had een verho-
ging van de temperatuur geen effect op 
de fractie van de totale drogestof voor de 
stengels, bladeren en bladstelen, maar de 
fractie voor de wortels nam af (ten 
gunste van de vruchten). Vruchtgroei re-
duceerde de groei van alle vegetatieve 
plantedelen, maar de verhouding tussen 
stengels, bladeren en bladstelen werd 
slechts in geringe mate beïnvloed. Het 
effect van vruchtgroei op de verdeling 
tussen de bovengrondse vegetatieve de-
len en de wortels was afhankelijk van de 
temperatuur. 
In Hoofdstuk 3 is onderzocht of de 
bladfotosynthese afhangt van de vraag 
naar assimilaten. De vraag naar assimila-
ten werd gevarieerd door verschillende 
aantallen vruchten aan de plant aan te 
houden. De netto bladfotosynthese re-
ageerde niet op de vraag naar assimilaten 
gedurende de eerste 16 dagen van 
vruchtgroei. Vervolgens was er, alleen 
als alle vruchten verwijderd waren, een 
duidelijke afname van de fotosynthese. 
Deze afname van de fotosynthese ging 
gepaard met een verlaging van de 
transpiratiesnelheid, wat op een hogere 
stomataire (huidmondjes) weerstand 
duidt. 
In Hoofdstuk 4 wordt de groei en 
ontwikkeling van individuele vruchten 
besproken. Enkele eenvoudige, snelle en 
niet-destructieve methoden voor het me-
ten van de groei van individuele vruchten 
werden getest en deze methoden werden 
gebruikt om de toename in vers- en 
drooggewicht van de vruchten te meten 
(Hoofdstuk 4.1). Het versgewicht van 
een vrucht kon geschat worden op basis 
van het vruchtvolume of op basis van de 
vruchtlengte en -omtrek. Het drogestof-
gehalte van een vrucht kon geschat wor-
den door een regressiemodel waarbij de 
temperatuursom vanaf bloei, temperatuur 
en vruchtgrootte inputvariabelen waren. 
Groei van de vruchten kon beschreven 
worden door een Richards-functie. De 
groeicurve van het versgewicht lag onge-
veer 1 dag achter op die van het droog-
gewicht. De relatieve groeisnelheid van 
het vers- en drooggewicht nam gedu-
rende de eerste week na bloei (bij 20°C) 
toe en nam daarna af. 
Alle delen van de vrucht groeiden in 
ongeveer gelijke mate in lengte en dikte 
met uitzondering van de uiteinden van de 
vrucht, waar de groeisnelheid eerder af-
nam dan in het midden van de vrucht. 
(Hoofdstuk 4.2). Er werden geen speci-
fieke strekkingszones waargenomen. 
Hoewel er duidelijke verschillen waren in 
celgrootte binnen een vrucht, strekten 
alle cellen gedurende de gehele ontwik-
keling van vruchtbeginsel tot volgroeide 
vrucht. Celdeling bleef beperkt tot kort 
na de bloei en stopte in de gehele vrucht 
op min of meer hetzelfde tijdstip. 
168 
Samenvatting 
De groeisnelheid van een komkom-
mervrucht nam sterk toe als het assimila-
tenaanbod toenam, maar de ontwik-
kelingssnelheid werd niet duidelijk beïn-
vloed (Hoofdstuk 4.3). Als gevolg van 
het effect op groeisnelheid nam de groei-
duur tot oogstbare vrucht af. Bij een toe-
name van het assimilatenaanbod namen 
de cellen zowel in aantal als grootte toe. 
Door het assimilatenaanbod in verschil-
lende stadia van vruchtontwikkeling te 
verhogen, bleek dat de eerste ontwik-
kelingstadia niet cruciaal zijn voor de 
groeipotentie van een vrucht (tenzij 
abortie optreedt). Hoewel vruchtgrootte 
in het algemeen positief gecorreleerd was 
met het aantal cellen, was het celaantal 
niet een belangrijke bepalende factor 
voor vruchtgrootte, omdat een klein cel-
aantal grotendeels gecompenseerd kon 
worden door een sterke strekking per cel. 
De ontwikkeling van een vrucht bleek 
nauw gerelateerd te zijn aan de tempera-
tuursom (Hoofdstuk 4.4). De groeisnel-
heid nam toe met toenemende tempera-
tuur, maar het temperatuureffect op het 
uiteindelijke vruchtgewicht hing af van 
het assimilatenaanbod. De groeisnelheid 
werd niet irreversibel geremd door een 
lage temperatuur in een jong ontwikke-
lingsstadium. Daarentegen had een hoge-
temperatuurbehandeling in een jong 
ontwikkelingsstadium een duidelijk posi-
tief effect op de latere groeisnelheid van 
de vrucht. 
Verduisteren van een vrucht had geen 
fotomorfogenetisch effect op de groei 
van de vrucht (Hoofdstuk 4.5.1). 
Vruchtfotosynthese droeg tot 5% bij aan 
de cumulatieve koolstofbehoefte van een 
vrucht. Deze bijdrage nam af als de in-
straling afnam of als de groeisnelheid van 
de vrucht gestimuleerd werd door het 
verwijderen van de concurrerende 
vruchten aan de plant of door verhogen 
van de temperatuur. Gedurende de 
vruchtontwikkeling was de fotosynthe-
tische bijdrage per dag het hoogst (tot 
15%) in jonge en oude vruchten, waar de 
groeisnelheid klein is. 
De specifieke ademhalingskosten voor 
zowel groei als onderhoud waren het 
hoogst in jonge vruchten, maar waren 
niet afhankelijk van de vruchtgrootte (bij 
dezelfde leeftijd) (Hoofdstuk 4.5.2). 
Verhoging van de temperatuur had geen 
effect op de specifieke ademhalings-
kosten voor groei, terwijl de specifieke 
ademhalingskosten voor onderhoud toe-
namen met een QJQ van ongeveer 2. De 
ademhalingsverliezen als fractie van de 
totale koolstofbehoefte van een vrucht 
waren niet constant gedurende de ont-
wikkeling van een vrucht, maar waren 
onafhankelijk van temperatuur en waren 
gelijk voor snel en langzaam groeiende 
vruchten. De cumulatieve ademhalings-
verliezen bedroegen 13-15% van de tota-
le koolstofbehoefte van een vrucht. 
De resultaten besproken in de vooraf-
gaande hoofdstukken zijn geïntegreerd in 
een dynamisch simulatiemodel dat de da-
gelijkse drogestofverdeling tussen de ge-
neratieve en vegetatieve plantedelen en 
de drogestofverdeling tussen de indivi-
duele vruchten beschrijft (Hoofdstuk 5). 
Het model is gebaseerd op de hypothese 
dat de drogestofverdeling gereguleerd 
wordt door de sinksterktes van de plante-
organen. De sinksterkte werd beschreven 
door de potentiële groeisnelheid (de 
groeisnelheid bij een niet-limiterend as-
similatenaanbod). De resultaten van het 
model kwamen goed overeen met de ge-
meten fluctuaties in drogestofverdeling 
tussen vruchten en vegetatieve delen van 
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de plant. De gemeten effecten van 
vruchtsnoei op de verdeling tussen 
vruchten en vegetatieve delen werden 
ook bevredigend gesimuleerd. Wanneer 
de drogestofverdeling tussen individuele 
vruchten werd gesimuleerd, werd de uit-
eindelijke vruchtgrootte vrij goed gesi-
muleerd. De groeisnelheid van jonge 
vruchten werd echter meestal overschat 
en die van de oude vruchten onderschat, 
als gevolg van dominantie van oude over 
jonge vruchten. Dit verschijnsel kon be-
schreven worden door prioriteitsfuncties 
in het model op te nemen. Tenslotte werd 
een gevoeligheidsanalyse van het model 
uitgevoerd om de effecten van enkele 
klimaatfactoren, verschillende manieren 
van vruchtsnoei en van modelparameters 
op drogestofverdeling te onderzoeken. 
Manieren om de drogestofverdeling te 
sturen worden bediscussieerd. 
In de Algemene Discussie (Hoofdstuk 
6) worden de belangrijkste factoren die 
de drogestofverdeling reguleren bespro-
ken. De relatie tussen drogestofproduktie 
en drogestofverdeling, en de relatie 
tussen versgewichtproduktie en droge-
stofproduktie worden bediscussieerd. 
Vruchtkwaliteit wordt bediscussieerd in 
relatie tot vruchtgroei en drogestofver-
deling. Tenslotte worden de mogelijkhe-
den voor praktische toepassingen van de 
verkregen resultaten geëvalueerd. 
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In de afgelopen jaren is mij duidelijk geworden dat voor het schrijven van een proefschrift naast 
know-how ook know-who erg belangrijk is. Een goede samenwerking tussen collega's is van 
groot belang voor een goed resultaat. Voor de totstandkoming van dit proefschrift ben ik dan 
ook veel mensen dank verschuldigd voor hun bijdrage. Een aantal van hen wil ik in het bijzonder 
noemen. 
Allereerst wil ik mijn promotor professor dr. ir. H. Challa, ik zeg maar Hugo, bedanken voor 
het feit dat hij in 1987 bij de vakgroep Tuinbouwplantenteelt in dienst trad, waardoor er bij het 
CABO een vacature ontstond en er een promotor beschikbaar kwam. Als ik weer eens een 
manuscript inleverde voor commentaar, voelde ik me soms net André van Duin in de pizzeria: 
"effe wachten". Dit heeft overigens niet tot een vertraging van het proefschrift geleid en het 
toetje werd gelukkig snel opgediend. Hugo, ik ben je zeer dankbaar voor de waardevolle 
discussies en jouw kritische analyses waarmee je snel tot de kern van de zaak wist door te 
dringen en waar ik zeer veel van geleerd heb. 
Mijn co-promotor dr. S.C. van de Geijn wil ik hartelijk bedanken voor zijn stimulerende 
houding en de snelle, zeer grondige en opbouwende kritiek op de manuscripten. Siebe, ik ben je 
erkentelijk voor de goede werkomgeving die je als afdelingshoofd hebt gecreëerd, waarbij ik de 
mogelijkheid kreeg om mijzelf te ontplooien. 
Dr. ir. J.H.J. Spiertz, directeur van het AB-DLO, wil ik bedanken voor het vaste 
dienstverband dat mij als pas afgestudeerde werd aangeboden en de gelegenheid die ik kreeg om 
dit proefschrift te voltooien. 
Lutske Baan Hofman-Eijer wil ik bedanken voor haar hulp bij het onderzoek, zoals het 
eindeloze geduld om duizenden cellen te tellen en het slangengevecht dat geleverd moest worden 
voordat de proeven naar temperatuur en gasuitwisseling van vruchten gedaan konden worden. Ik 
ben je ook erg dankbaar dat de metingen vaak buiten kantoortijden doorgingen. Wijlen P. 
Brouwer wil ik bedanken voor zijn nauwgezette hulp bij de uitvoering van de proeven. Kees 
Jansen bedank ik voor zijn collegialiteit, hulp en inzet bij de proefverzorging en het oogsten van 
de planten. Hoewel ik vaak de volgende dag pas kwam vragen of iets de vorige dag klaar kon 
zijn, heb je me altijd op een plezierige manier geholpen. De overige medewerkers van de 
Proeftechnische Dienst, met name Adrie Kooijman, wil ik bedanken voor de hulp bij het 
verzorgen van de komkommerproeven. De Technische Dienst wil ik bedanken voor het maken 
van opstellingen zoals de 'vruchtkamers', en het verhelpen van allerlei storingen. Het Chemisch 
Lab onder leiding van Gerrit van de Bom ben ik dank verschuldigd voor het uitvoeren van de 
chemische analyses. Frank Klinge, Piet Slootweg, Rien van Son, Peter Stad en Dick Vermeer 
ben ik dankbaar voor het fotografische werk. Jaap Uittien ben ik dankbaar voor de 
omslagtekening en de Designer-figuren van de hoofdstukken 1 en 2.1.4. Sander Pot ben ik 
erkentelijk voor zijn advies en hulp bij het maken van de meetopstelling voor gasuitwisseling van 
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vruchten en Jan van Kleef voor het in goede staat brengen en houden van de blad-
fotosynthesemeter. De opstelling van Ruud Verkerke voor peultemperaturen hebben we dank-
baar omgebouwd tot één waarmee ook de vruchttemperatuur van komkommers gemanipuleerd 
kon worden. Bovendien ben ik Ruud dankbaar voor zijn adviezen ten aanzien van de 
vormgeving van het proefschrift. Jacques Withagen en Michiel Jansen wil ik bedanken voor hun 
veelvuldige adviezen over de statistische opzet van de proeven, de verwerking van de resultaten 
en over wiskundige analyses. 
Vele collega's heb ik lastig gevallen met het laten lezen van één of meerdere hoofdstukken van 
het proefschrift. De één had wat lastiger commentaar dan de ander, maar het geheel is er 
duidelijk beter van geworden. Hiervoor mijn dank aan Joke Braber, Harold Dekhuijzen, Jan 
Goudriaan, Hans Gijzen, Ep Heuvelink, Pieter van de Sanden, Ad Schapendonk, Bob Veen en 
Ries de Visser. 
Mijn afdelingsgenoten, in het bijzonder Pieter van de Sanden en Hans Gijzen, en de leden van 
de werkgroep Kasklimaatbesturing van de jaren '90 wil ik bedanken voor de prettige 
samenwerking en de vele nuttige discussies. Pieter ben ik bovendien erkentelijk voor zijn hulp bij 
de data-acquisitie van klimaatgegevens en Hans voor zijn vele adviezen en hulp ten aanzien van 
alles wat maar met een computer of met simuleren te maken heeft. 
Hoewel met moderne softwarepakketten een manuscript geheel elektronisch heel netjes 
opgemaakt kan worden, is het handmatig inplakken van figuren vaak nog steeds het meest 
praktisch (zelfs als je geen 'Onzichtbaar Magie Tape' mag gebruiken). Ik ben juffrouw Visser 
dankbaar dat ze Christianne op de kleuterschool zo goed heeft leren plakken. 
Mijn ouders, van wie ik veel van de tuinbouwpraktijk heb geleerd, wil ik bedanken voor de 
mogelijkheid en stimulans die ze me hebben gegeven om te gaan studeren. 
Christianne, het is geweldig om iemand te hebben met wie je alles samen kunt doen en die 
zelfs op dezelfde dag wil promoveren. Bedankt voor al jouw steun. 
De afronding van dit proefschrift is het einde van een echte komkommertijd, maar misschien 
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